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SYNOPSIS 


This thesis entitled "Spin Probe Studies on the 
Effect of Solutes on the Structure of water" reports stu- 
dies using a paramagnetic, stable free radical, 2,2,6, 6- 
tetramethyl-piperid-4-one-N-oxide (abbreviated as TEMPO), 
as a probe to investigate changes that happen in the struc- 
tural equilibrium of liquid water upon the addition of cer- 
tain solutes- The solutes chosen are of two categories: 

(i) solutes that denature proteins, i.e., denaturants of 
the urea-guanidinium family, and (ii) amphiphilic salts 
such as tetra-n-amylammonium bromide and sodium butyrate. I 
In addition to this an attempt has also been made to study 
the conformational dynainics of a globular protein in aqueous 
solutions by using TEMPO as a spin-probe rather than a spin- 
label. 

Chapter I describes the background of the problem, 
a brief survey of literature, and the argument in favour of I 
the e-s.r. spin-probe method to study water structure. i 

Chapter II describes the relevant e.s.r. theory and i 
treats the different interactions and perturbations in some I 
detail. A brief summary of previous spin-probe studies and j 
the parameters of importance obtainable are given. The expe- 
rimental technique and the computational method are also 


discussed. 



viii 


Chapter III describes the results and the interpre- 
tation of the e.s.r. parameters obtained for TEMPO in the 
aqueous solutions of the urea-guanidinium class of denatu- 
rants. Evidence is presented to shoxv that urea, thiourea an 
guanidinium chloride disrupt water structure at all concent 
trations. The changes that occur in the tumbling correlation 
time, of the probe in increasing molarities of the dena- 

turants are ascribed to decrease in the local microvisco- 
sity arising due to structure breaking, alteration in the 
solvation profile of the probe and v/ater-solute interactions 
and medium viscosity effects. The contribution to the protoi 
hyperfine linev/idth from the spin- rotational a^(SR) term is ■ 
assessed from variable temperature studies. At high concen-! 
trations of urea, it is possible that a Debye-sphere model 
for the motion of the probe may not be strictly applicable 
and a two-state model may be meaningful. Dimethyl urea, on 
the other hand, may have a. slight structure making piropensit;^ 
towards water. The spin-probe studies reported in this ‘ 

chapter agree in their interpretation with the nitrogen • i 
magnetic resonance studies on aqueous urea systems. j 

Chapter IV describes spin-probe studies of TEMPO in i 
aqueous solutions of amphiphilic hydrophobic salts such as 
tetra-n-amylammonium bromide and sodium butyrate. The result 
on sodium butyrate x>oint out to the structure making ability ; 
of the butyrate ion and its hydrophobic hydration. This salt I 
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behaves very similar to n -hexyl ammonium bromide and tetra- 
n-butyl ammonixim bromide in its effect on water structure. 

A two-state model for the probe in this solution appears 
likely. 

The case of aqueous solutions of tetra-n-amyl ammo- 
niiom bromide is more complex. Our results indicate the 
possibility of an independent effect on water structure by 
the anion and the cation, discernible at lov; concentrations 
of the salt (.^0.025 K) . At higher concentrations, besides : 
the structure making effects seen, a two-site model, one a 
structured cage-like clatharate and the other free monomer 
water seems to be present, if we assume a rapid exchange 
of the probe between these two environments. 

Chapter V is an attempt to study whether a spin-probe 
molecule would bind to aripropriate sites in a globular pro- 
tein, and whether the e.s.r. spectrum of the bound probe 
would monitor conformational changes in the protein. Spec- 
tral analysis of TEMPO in aqueous solutions of Bovine Serum 
Albumin at various pH looked encouraging but not sufficientlt 
rewarding. The shortcomings of the present approach and 
suggestions for more fruitful studies are discussed. 
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CHAPTER I 


THE PROBLEM AND ITS BAQCGROUND 


The structure of liquid water still is an enigma 
despite four decades of intensive investigations. In recent 
past the importance of the study of the structure of water 
has gained greater focus since it has been recognized to be 
a governing factor in deciding the conformations of proteins 
and- biopolymers in their aqueous solutions. 

Current ideas about the structure of liquid water are 
2 

broadly classifiable as based on the (i) continuum model and 
(ii) mixture model. In the former, the liquid is treated as 
a uniform dielectric medium with the average environment 
around a given water molecule being the same as that around 
any other.. Hydrogen bonding that exists among various water 
molecules is considered to be both of uniform average energy 
and uniform characteristics. The former gives rise to the 
concept of 'bent' hydrogen bonds among monomers as well. 
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The mixture model envisages the presence of several 

distinguishable environments around water molecules/ so that : 

liquid water will contain several distinguishable molecular 

2 

species. In the Nemethy-Scheraga treatment, one considers 
several stages of hydrogen bonding involving mono-, di-, tri-; 
and tetra-hydrogen bonded water molecules in statistical 
equilibrim with free or unbonded monomers. This statistical- 
mechanical picture is a further development of the ideas of 

3 

Franh and Wen, who suggested that liquid water is an equili- ; 
brium mixture of clusters of hydrogen bonded water and free 
unbonded water monomers. The clusters are thus in a sense 
'ice-like' and thus 'bulky' or 'light' (recall ice is less i 
dense than liquid water) , while the unbonded free monomers 
are ' steam-like' or ' dense' . At any given temperature there ; 
is considerable flickering or a flux where monomers can enter a : 
cluster and a water molecule in the cluster may depart to 
become free. Thus the picture is one of a "flickering cluster"! 
with statistical fluctuations in the status of individual i 

water molecules. On the average, it is suggested that about ^ 
30-35% of the molecules are in the cluster form at room tempe- 
rature and the half-life of the flickering clusters is sugges- 
-11 

ted to be 10 sec. This is a time short enough to produce 
a single relaxation time for water but sufficiently long to 
ascribe a meaningful existence to the clusters, as the half- 
life is 10 -10 times the molecular vibration time. 
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While this is the general idea behind the mixture 
models, details about the number of distinguishable species, 
number of hydrogen bonds, and such are somewhat controver- 
sial. While attempts have been made to distinguish spectro- 
scopically the nxamber of mono-, di-, tri- and tetra-hydrogen 
bonded water molecules and to ascribe statistical weights and 
energy levels for these, such attempts and estimates have 
been criticised with some justification. In any event, the 
presence of the tetra co-ordinated water has been accepted 
as also the free ' dense' water and in our opinion, it is 
meaningless to make finer distinctions from among the 'bulk' 

water clusters especially since the time scale involved for 

-11 

molecules to flicker, i.e. enter or leave a cluster is 10 sec, 
i.e. a time so short as to be essentially a diffusion contro- ; 
lied process. Walrafen' s Raman experiments on liquid water 
essentially justify the presence of bulk water and the flicke- 
ring cluster model. It is thus possible to write an equili- 
brium for liquid water as , 


^^2°^ bulk 


10 sec 


(H2O) 


dense 


It has also been possible"^ to view the above equili- 
brium as one where water exists in two 'microphases', one 
microphase that is clustered bulk water and the other being 
the dense, free monomeric water. Even though the Frank -Wen- 
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FranT-cs model is not entirelv adecfuate -i +- v. -u 

" ciuequare, it has been able to 

account for the properties of aqueous soiiu-f 

'^ueous solutions more satis- 
factorily than any other model, and fnr- 

ana tor this reason, the 

flickering cluster model of liquid water -to ^ 

water is most commonly 

accepted at present, and it is to th-i 

to this that we shall turn 

our attention primarily in this thesis. 


EFFECTS OF SOLUTES 

With the description of the structure ef +■ 

tou-iucture of water as an 

equilibrating fixture of bonded clusters and free rono.ers, 
ut as to be expected that addition of solutes will alter 
this equilibrium one way or the other. A solute may behave 
either as a structure maker, l.e., one that shifts the 

liquid water equilibrium more towards the bonded mlorophase, 

or as a structure breaker i p 

eoxer i.e., causes depolymerization or 

'melting' of the clusters. A structur«:> m-iv 

^^ure maker such as LiP, 

causes a net increase in the structure of 

uie or water more towards 

the bonded clusters, and oonse.;s.ently „iu 
dynamic, spectroscopic and hydrodynamic properties of the 
solvent in a fashion opposite to that of a structure-bre^ng 
solute such as Csl . structure making solutes have been 
shown to increase the viscosity and reorientation time of 
water and also cause an Increase in the excess partial molal 
heat capacity in water, while structure-breakers behave in 
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the opposite fashion.^ Many papers have appeared in the 
literature that monitor the structure- altering ability of 
solutes on water/ by using a variety of methods the most 

notable of which have been vibrational and nmr spectros- 

6 • 7 R 

copy/ self-diffusion measurements/ heat capacity studies/ 

9 10 

ultrasonic attenuation methods/ * and other relaxation 
methods. 

An important consequence of the unique structure of 

liquid water and the structural alteration by solutes occurs ; 

in biochemistry/ namely in the miaintenence of the native 

structure of globular proteins in aqueous solutions. The 

forces governing the spatial fold of a protein in aqueous 

solution are thought to be (i) hydrogen bonding among peptide; 

groups, and between backbone and side-chain groups wherever ! 

possible, (ii) ionic interactions such as may happen between 

e;g., ionised carboxyls and NH^ , (iii) non-bonded contact 

interactions between residues, and (iv)what has been termed 

■ 12 

as hydrophobic interaction between side-chains. The last 
mentioned factor has been shown to be of considerable impor- 
tance in the maintenstnce of the native structure of many 
globular proteins. The rationale behind hydrophobic inter- 
actions is the same as behind micellar aggregation of Sur- 
factants in water, and of the immiscibility of hydrocarbons 


with water. 
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Introduction of a non-polar hydrocarbon into aqueous 
medium would result in a solute-solvent interaction of the 
induced dipolar- dipolar type, and the corresponding enthalpy 
of solution is expected to be 'Small and negative (-2 kcal/ 
mol) . This attraotive interaction results in a net order- 
ing and orientation of solvent water molecules around the 
dissolved hydrocarbon-. Such an ordering would clearly mean 
a decrease in entropy in the system. Consequently we have 
a compensatory, situation operating at any given temperature 
between the enthalpy and entropy of' dissolution. In the 
vicinity of room temperature/ the entropy term predominates 
the free energy of .the process and consequently the tendency 
would be towards non-dissolution and phase separation. To 
illustrate this we may point out that at 298'^K the enthalpy | 
of dissolution of liquid propane in water is -ISCXD cal/mol 
while the unitary entropy change for the process is -23 e.u., 
resulting in a, free energy change for the dissolution process | 
of +5050 cal/mol, thereby making a solution of propane in 
water unfavourable. The reversal of solution/ i.e., phase ^ 

separation of propane in water results in an entropy gain i 

for the system. Somewhat of a similar situation operates 
when a protein chain is immersed in water. I)ue to the un- ; 
favourable free energy of interaction between the non-polar 
side-chains (ala, leU/ val, phe,- etc) and water, there is a 
tendency towards a partial reversal of solution of the protein.! 
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In eff' 6 'ct the protein chain then adopts a conformation where 
as much of the non-polar side-chains as possible (within the 
constraints of the primary structure) tend to aggregate 
much like an internal micelle and avoid contact with the 
solvent water. There is then a tendency for maximising 
polar side-chain contacts with water, and the non-polar side' 
chains to get away from the water surface and fold to form 
an interior non-polar core within the macromolecule, genera- 
ting thereby an overall globular conformation of the protein 
chain. This rule of the thumb, ‘polar out, non-polar in', 

seems to be one of the governing principles in native struc- 

13 

ture of globular proteins. 

It is important to realize that entropic changes are 
primarily responsible for this kind of hydrophibic inter- 
actions in proteins, and such a situation arises primarily 
because of the unique macromolecular structure of solvent 
water itself. As a corollary it is to be expected that any 
change caused to the structure of solvent water should 
alter the conformational equilibrium and thus the folding 

pattern of the protein. Efforts have been made in litera- 
14 

ture ■ to correlate the structure- altering ability of a 
given solute with its potency to denature (significantly 
alter the native globular structure) proteins in aqueous 
solutions. For example, while a structure maker such as 
(NH^) 2^4 known not to denature proteins significantly 
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in water, a structure breaker such as LiClO^ or KCFS is 
known to be an effective denaturant. Clearly^ factors such 
as direct binding and other interactions may play a part 
in the denaturation process but it appears likely that an 
agent that disrupts water structure will thereby alter the 
stability of hydro-phobic interactions and thus indirectly 
cause an unfolding of globular proteins in aqueous solu-' 
tions* 

One of the most effective set of denaturing agents 
are the ones that belong to the urea-guenidinium class of 
compounds, particularly urea, guanidinium chloride and 
guanidinium thiocyanate. Indeed the chain statistical con- 
figurations of most proteins have been deteinnined to be of 

the true random coil state in 6 M GuHCI, and often in 7-8 M 
15 

urea. It is often sufficient to use 4M concentrations 
of these denaturants to achieve protein chain disorder. 

While lot of work has been done on the mechanism of urea 
denaturation, ' it appears to us that the factors involved 
are (i) Direct ‘binding' of the denaturant molecules to the 
proteins, (ii) possible weakening of interpeptide hydrogen 
bonding that offer stability to the secondary structure of 
the protein and (iii) urea induced structural damage of 
solvent water. The latter is believed to be responsible for 
weakening of hydrophobic interactions involved in the native 
structure of proteins. Equilibrium dialysis measurenfients 
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16 17 

have shown that urea and guanidinium chloride bind to 

a few proteins although it may be too early to generalize 

IR 

this to all proteins. Model experiments by Klotz, , 

19 ' 20 

Levy, Schellman, and others do not seem- to support the 
idea of urea as an agent that disrupts peptide hydrogen bonds. 
It would thus be of interest to study the effect of urea on 
water structure and assess the importance of this in the 
denaturation mechanism. Compounds belonging to the urea 
family have also been tried as agents that perturb protein 

structures in aqueous solution. Thiourea, which is unfor- 

# 

tunately not very soluble in water seems effective 

cs a denaturcint while dimethyl urea is a weak denaturant and 
tetramethyl urea is not a denaturant at all. The progre- 
ssive methylation of urea seems to play a role in this 

21 

process. Swenson has studied the effect of several of 
these urea derivatives on water structure in an attempt to 
assess the importance of this factor "in their denaturing 
ability. Guanidinium chloride ( (.NH 2 ) 2‘3=NH2 ' Cl }, isoelec- 
tronic with urea^behaves as efficiently or better than urea 
in denaturing globular proteins. In all these cases, it has 
been variously suggested that the denaturant causes protein 
conformational transition either by direct interaction with 
ligands in the peptide chain or by altering the water struc- 
ture in a fashion as to weaken the hydrophobic associations 
between side-chain groups in the macromolecule. We thought 
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that it would be of interest if an investigation into the 
effects of these compounds on the structure of water be 
undertaken. 

Amphiphilic compounds that possess both nonpolar and 

polar moieties display interesting effects on the structure 

of water/ as evidenced by thermochemical studies. Examples 

of such substances are the tetra- alkyl ammoniim salts, e.g., 

(CgH22)4N Br , fatty acid salts, e.g., C^HyCOONa, and also 

— + 

detergents such as sodium dodecyl sulphate, ^^(^2) I2SO3 Na . 
Hydration of the second kind, i.e, the sc called hydrophobic 
hydration, has been observed in these systems, and the 
detergent dodecyl sulphate is known to aggregate in water 
to produce micellar aggregates beyond 10 mM. Here again 
a detailed study of the effect of these amphiphiles on water 
structure was thought to be of interest and we have under- 
taken such a study. Yet another system that we considered 
of interest to study is the binding of hydrophobic solutes 
by the globular protein, bovine serum albuimin (BSA) . This 
protein is known to bind hydrophobic compounds efficiently. 

We argued that if the spin probe TEMPO were allowed to bind 
to BSA, at 'different pH (as a function of the conformational 

status of BSA) , then it should be possible 'to monitor the 

# 

conformation of the protein by studying the esr signal of 
the bound probe. This is attempted in Chapter V, and is a 
variation from the usual procedure of directly spin-labelling 


BSA, 
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It is in this light that spin probe studies by using 

a stable free radical are attractive. Such a study was 

23 

undertaken esrlier by Jolicoeur and Friedman, and 
2 ^ 

jolicoeur, * The inherent advantage in using the EPR spin 

probe method is that the relaxation processes involved are 

-11 

of the order of 10 sec for a properly ehosen molecule, 
a time scale that is comparable to that of the molecular 
events, occurring in solution. The tumbling correlation 
time of a stable, water- soluble, hydrophobic, paramagnetic 
probe molecule such as 2, 2, 6, 6“tetramethyl-piperid-4-one“N- 
1-oxyl (TEMPO) , ^ 
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is of the order of 10 sec. This tumbling correlation 
time, 'T Q, can be easily determined from an analysis of the 
e.s.r. spectra of TEMPO in several medie by using the treat- 
ment well known in literature. One can imagine a situation 
in which the spectrum of a solution of TEMPO is a composite 
one, containing information about the; different microphases 
that exist in aqueous solutions, or the local viscosity 
changes that arise in the environment around TEM.P0 as a solute 
is added to water in which TEMPO is qiasolved as a spin probe. 
In a sense then, the role of, TEMPO, the spin probe molecule, 
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is that of a Maxwell's demon which is able to monitor changes 
that occur in the mediiam and report it by means of linewidth 
end (q value alterations. TEMPO is particularly suitable 
as a spin probe in aqueous solutions since its value is 
about the same as a cluster flickering time. Although the 
spin probe cannot distinguish between the two species or 
microphases in solution/ the time of exchange of the probe 
between the two environments is comparable to the characte- 
ristic time of measurement. Gnanges in the spectra thus 
reflect the changes that occur in the microphases and hence 
could lead to a more meaningful interpretation of the struc- 
ture of water and its role in the stability of protein confi- 
gulfation , 

The essential parameters that we can obtain from an 

esr spectrum of the spin probe TEMPO in aqueous solutions 

are the linewidth of a given line and the correlation time 

for reorientation of tumbling molecule in solution. For a 

free radical in sufficiently dilute solutions/ the linewidth 

almost entirely results from rotational effects. From the 

25 

theory due to Kivelson described in some detail in 
Chapter II/ the following equation results; 

7f''(3 ’”-^2 ^ ~ a^'mmjj ...(1) 

The coefficients have been enrtmerated in Chapter II and 
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it is sufficient for our purpose to write Eq (1) as: 

where m is the quantum number defining the manifold. Eq (2) 
has been used in two ways, namely to obtain the correlation 
time and the linewidth of the hydrogen hyperfine line of 
TEMPO in solution. 

The correlation time for reorientation of the tumb- 
ling probe, or roughly the time taken for a single 

revolution of the probe, is clearly a function of the local 

viscosity around the probe. We can expect "f to increase if 

& 

the local viscosity decreases and yice- versa. The theory of 
linewidths used here applies only to a situation where the 
product (where the microwave frequency used is 

lO^ Hz) is much less than ■unity. Thus, should be of the 
order of 10 i^ec or less. Motional narrowing of lines 
occur only where the tumbling is fast and consequently the 

relationship between linewidth and ^ is roughly proportional, 

& 

TEMPO in aqueous solutions satisfies these conditions and 
thus Kivelson' s theory can be used to analyse linewidth and 
'T values. 

Coming back to Eq (2), the correlation time can be 
obtained from the intensities of the lines having different m 
values. In our case of TEMPO, m=0 or +1 since we have a 
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14 

N nucleus of spin 1=1. The differences in intensities 
are essentially due to m~dependent processes related to the 
tumbling motion of the probe. Thus the more the rigidness 
or friction to tumbling the more anisotropic the lineshapes 
and intensities. As evidence we can compare the spectra of 
two solutions/ one at room temperature and the other at 
liquid nitrogen temperature. The ^ value is thus a very 
good parameter by which v^e can judge whether the given 
aqueous solution is less rigid or less accommodating to the 
motion of the probe than in pure water. It is to be borne 
in mind that tTg gives us information which is microscopic 
in nature (due to the time scale)/ which would not be 
revealed by measurements of the viscosity or heat capacity 
changes. The case for the esr method being more effective 
than other methods has also been effectively argued out by 
Jolicoeur and Friedman. Thus an estimation of ^ is an 
effective pathway to understand microscopic changes that 
occur in aqueous solutions. 

The linewidth parameter on the other hand is equally 
important. In addition to motional effects other mechanisms 
also operate which determine the linewidth of the hydrogen 
hyperfine line of TEMPO in solution. The most important of 
these is the spin-rotational effect discussed in Chapter II, 
The presence or absence of this term could lead to considera 
ble varic'.tions in linewidth. The least accuracy in the 
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simulation of linewidths is around which is acceptable^ 

In their treatment based on the above considerations, 
Jolicoeur and Friedman have studied hydrophobic solutes of 
the tetra-alkyl ammonium class and the tetra-aryl substi- 
tuents in order to assess their effect on the structure of 
water, as well as the possible mechanisms through which the 
hydrophobic effect manifests itself. Considering only the 
mj^=0 manifold, whereby m-dependent terms vanish, Jolicoeur 
and Friedman obtained the linewidths and by the method of 
Stone et al. obtained ^ q values. In order to eliminate the 
medium effect, i.e., the viscosity changes that occur when 
a solute is added to water, they used plots of plots of T//v| 
and*T^/-v^ instead of T or '*^ 0 * One could plot /^/T instead 
of T/irj but the essential characteristics remain unchanged 
although the variation is different. Kivel son ‘ s equation 
including the spin -rotational term has been written as 

(T/^) + (^/T) + ^ ... (3) 

and thus if plotted either as T/^ or we would 

obtain an optimum (a maximxm or a minimum) . Jolicoeur and 
Friedman used aqueous glycerol solutions as a standard with 
the assumption that glycerol behaves as an inert diluent, 
not altering water structure significantly. Deviations from 
this standard behaviour were recognized as changes that had 
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to ' occur due to the effect of the solute on water structure*. 

Q studies on the other han<^ indicated changes which could 
be explained either on the basis of viscosity changes (as in 
glycerol) or other physical factors like micelle formation 
as with octyl-ammoni\m bromide. Any explanation for the 
deviation from the ys T/v| plot of glycerol solutions had 

to be consistent with the behaviour of ' , of the probe in 

if 

aqueous solutions of the added solute. In other words, it 
is possible to deduce structural information from such spin 
probe studies . 

In summary of the Jolicoeur and Friedman treatment, 
the first of its kind to use esr as a technique in studying 
the effect of added' solutes on the structure of water, it is 
clear that the linewidth of the hydrogen hyperfine line 
of TEMPO as well as are important clues to the microsco- 
pic situation. In addition and the plots of the Kivelson* 
type reveal much more information otherwise buried in the 
spectral changes observable. 

Although Jolicoeur and Friedman have, not specifically 
attributed structure changes that might occur upon addition 
of hydrophobic solutes it is evident that such effects can 
be inferred using esr. Keeping in mind the important role 
of the hydrophobic interaction in maintaining the native 
structure of proteins in aqueous solutions, any qualitative 
picture of the molecular events that occur, say, upon 
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addition of a ^^lute whidh denatures protein would help in 
understandiftg the effect of the denaturant on the hydro- 
phobic interaction and, more importantly, would tell us 
alcout the structural changes that occur in solvent water. 

A knowledge of the effect of the added solute in water struc- 
ture could lead to a fuller understanding of the mechanism 
of dehaturation ahd perhaps to a detailed estimation of the 
extent of its action on proteins. 

With this in view we undertook the study of the urea- 
class compounds in aqueous solutions, especially urea and 
GuHCl as they are effective denaturantsi The effect of 
hydrophobic solutes, though central to Jolicoeur and Friedman' 
work, was studied and we chose tetraamyl ammonium bromide 
<TAAB) as a representative amphiphilic salt; besides sodixom 
butyrate. In addition, We have also tried to investigate 
whether TEMPO would bind to hydrophobic residues in a globu- 
lar protein such as bovine serum albumin (BSA) as a function 
of the conformation of the protein and whether such binding 
would be useful as an extrinsic probe of the denaturation 
process of BSA. 
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CHAPTER II 


theoretical and experimental aspects 


A brief survey of the theory of e.s.r. would be appro- 
priate here.^ The basic resonance condition for the electron 
magnetic moments is given by the equation, 

h = g H . . . ( 1) 

where h is the Planck' s constant, is the resonance fre- 
quency, g is the gyromagnetic ratio of the electron (2.0023), 
^ is the Bohr m-agneton, eh/4 if me, and H is the magnetic field 
sensed by the electron. This field can be further classi- 
fied as 


H 


H + 
o 


^local 


. . . ( 2 ) 


where l-i^ is the experimental magnetic field and is 

the ma.gnstic field that arises due to local dipole moments 
of other paramagnetic species and of the nuclei. In most 
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cases/ as in ours, the radical being studied is at a low 
concentration so that magnetic and exchange interactions 
between radicals can be neglected. Therefore the local field 
acting on the electron originates solely from the nuclei. The 
magnetic field produced by a nucleus having magnetic moment 
on an electron having magnetic moment . may be desig- 
nated ■ as B( r ), where r is the vector from the origin, the 
nucleus to the point (x, y, z), the electron, B(r) then is 
given by. 


B( r) 


= /r' 


+ 3 (r. 


' N 


... (3) 


where r is the distance between the two centres. The inter- 

V . 

action energy E between B ( r) and the electronic magnetic 
moment at r is 


B(r) 


E 




3( 


r) 



r )/r^ 


.(4) 


where r^O. Excluding the spatial co-ordinates and substitu- 
ting the appropriate operators we have the spin Hamiltonian 
as 


'■Y/' 


N 


dxdydz 


J 



( ■ ■ g . r) ( . r) dxdydz 



...( 5 ) 



22 


where the Hamiltonian corresponding to Eq(4) has heen avera- 
ged over the electronic spatial wave function y, z). This 

does not represent the complete interaction between the nuclear 
the electronic moments as the equation breaks down for r=0. 

To account for the interaction at r=0, we have to assume that 
'the nucleus is a rotating sphere of .radius £, with the charge 
uniformly distributed over the surface. Outside the nucleus 
this distribution gives rise to the .moment The magnetic 

field within this sphere is given by 

, ■ •? ; *• - ' ' 

B = (2/c^) . ... (6) 


and hence the interaction energy between the electron proba- 
bility density within this sphere and the field within' is 

... (7) 

nucleus 

Since the electron probability density is almost constant in 
this sphere we can write : ■ ' 





it . 


dxdydz 


F = -j.f (0) 


B . . dxdydz ... (8) 


where! i^'(o) 


nucleus 

is the value of the electronic wave function at 


r=0. Substituting for B we have 


E 


3 T- -3 


= ...Hg •/Y-'(0)| dxdydz 

nucleus 


. . . ( 9 ) 
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which turns out to be 

2 

E = - sJ/s (0)| ... (10) 

The corresponding spin Hamiltonian of Eg ( lo) is 

= -8 7\/3 .(4(0)( -/e-Z^N ••• 

This term is called the Fermi contact term or interaction. 

The interaction represented by Eg (4) is dependent on the 
angular co-ordinates of the electron and is thus anisotropic. 

Hence the local magnetic field on the electron can be 
expressed as 


local dipolar contact 

In solutions the dipolar term vanishes due to angular avera- 
ging, but the contact term remains and can be expressed as 

^c " ^e % :^e fip *I^'\o)\ * S.'i 

... ( 12 ) 

/V 

for a single unpaired electron where S and I are spin 
operators. This can be condensed to 

A A 

K = h A/'h * S. I 
C " 

where A is the hyperfine splitting constant in units of hertz 
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given by 

A = 8X/3h g. g^ 

as the contact term gives rise to hypsrfine lines. 

Although the dipolar term has. no effect on the line 
positions in dilute solutions in a situation where there is 
rapid tiimblig of the free radical^ the mean-square fluctua- 
tions in line positions resulting from the tumbling motion 
contributes to the linev;idths. Since the linewidths are fluc- 
tuations of the mean square fluctuations in frequency, and the 
anisotropic dipolar and g-tensor interactions, the expression 
for linewidth has quadratic terms of both interactions sepa- 
rately, with cross terms related to their product. There is 
yet another, process which contributes to the linewidth and 

this has been termed as spin-rotational effect and treated 

2 

by Kivelson and co-workers. Each of these contributions will 
be taken up separately and the contribution from each added 
to get the overall expression. 

The contributions to the instantaneous spin Hamiltonian 
of the g-tensor (G) and anisotropic intramolecular electron- 
nuclear diiDolar (D) interactions can be written as 

... ( 13 ) 

Both the terms on the R.H.S. of the above equation are 
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functions of the orientation of the free radical and also of 
the electron and nuclear spin oparato.rS', 

The g-tensor. is a symmetric second rank tensor and 
can be diagonalized along, the molectle fixed axis x' , y' , 2 ' 
as g^y g^, and g^ . Therefore, 

(t) = g . S. B 


= ' 


.^1 V j’.gg-V 

^el L^i-V V ^3-^2' -Vl 


... (14) 


where i', j’, k’ are unit 'vectors in the x’ , y’ , zl direc- 
tions and B is the external field. The time dependence of 
Eq ( 14) arises out of the fluctuating orientations of the 
x' , y’ y z' axes with respect to the laboratory fixed axes 
Xy y, 2 . We have now to transform -the spin operators and 
the magnetic field from the molecular frame to the laboratory 
frame. This is achieved using Wigner rotation matrices. 


We illustrate this for a radical having axial si/mmetry, 
as is the case fior the radical used in this study. We then 
have = g 2 ~ <3j^ ^tid <3 jj / where the direction of the field 
is taken to be along the z direction. We have 


o 


(G) 


( t) 


S 


2 


/ 


B. 


= <s, - 

r-— ^ , ' ’ _ ■ ' 

= ls^.sin e(t) cos 0(t) + sin e(t) sin 0(t) 

+ cos e(t)^. B cos e(t) ...(15) 
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where 0(t) and 0(t) are the angles that specify the ins tan- 
taneous orientation of z' w.r.t. the x, y, z, axes. The 
average overall angles gives <^os 0(t)^ = (4in 0(t)y- o and 
<^cos^(e) (t)^ =1/3. Subs titu. ting we get 


(t) 


fej[ 


g ‘S_.B + (g 




. . ( 16) 


or 


gg /i e 


. B 

Z O 


.... (17) 

^ j ^ U 

V3l2gj_+^. . ^ . 

The linewidth contribution from fluctuations in (t) 

depend on the correlation function of matrix elements 


where g^ 
s 




—1 /? ( G) 


between spin states j and j 

>K- 








(t) 






//R 



i-t. 


(G) 


■X- 

( t+t' ) , , - \ H^ ( t) , , J y 

fS I? / 

. . , (18) 


The correlation function evaluated in detail would contain the 
Wigner matrix which in turn has the time dependence. The ele- 
ments of the relaxation matrix contain terms proportional to 
the spectral densities J^/ and J 2 expressed as 


= //Cl+n2 f/) 


. (19) 


where is the Larmor frequency of the electronic spin and T' 
° C 

is the characteristic correlation time for the perturbation 
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or fluctuation. _ ’ 

It. is to be noted that the only time-dependent part in 
Eq (15) enters through the S ,b_/ terms which can be expressed 

. Z .Z 

as . 


; S 


= p 1/2) / s_ e;xp(i 0) + expC-i 0) sin e + 




COS a B cos © 
o 


... (20) 

where S. ='S '+ i S and B (B = kB and since S.B, is invari- 

^ J ^ O' 

ant to rotation^ S..B — -S_B = S B ) is the external magnetic 
{ applied)' field ."paralilel to the z axis . 

The S B_ term is secular since' it does, not .induce tran- 
z o 

sitions but does affect- liriewidth as resonance frequency varies, 

'2 ■ ' ■■ • “ ■■■ 

as cos ©(t) changes' with- time,' The no n'-secular' .terms are 

those that cause transitions and hence are. not important in 
line broadening mechanisms. The., contribution from g-tensor 
( fluctuations)' anisotropy has been estimated to be 


K' ] 


(G) 


(8/3) B^^ 


. . / ' i: 21) 


where ■ 


j'°ho) +g/+g3^-3g^2) 


where g = 1/3(2 g , + g ) . Eq (21) shows that the linewidths 
® J_ /I 

vary as the square of the magnetic field. It is to be noted 

/ q \ 

that the last term in the expression for y (o) is equal to 


2/3 (g , - g, ) for a radical with axial symrretry, so that 
J_ ■ ll 
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— 1 f G) 2 

^ is proportional to 2/3 (gj^“.g^|) as vould be obtain- 
ed qualitatively by comparing the coefficients of Eq (17) (of 

the time dependent terms, S ' B '") and Eq (20).. 

z. z 

The anisotropic dipolar interaction is treated similarly 
but is riot elaborated here. 

2 3 

The ^pin-rotational interaction ^ can be represented 
as 

= J.C.S. ... (22) 

. SR 

where j is - the rotational angular momentum in units of -fe, C 
is the , spin-rotational intefaction tensor'^and S the spin in 

upits of ■ There are two' correlation times; connected with 

T ' ^ 

. j Which' is ' characteristic of J and 

which is characteristic of C. The physical significance of 
and is that -the correlation time '■for the reorien- 

tation of the tumbling' molecule is directly proportional to 
the viscosity coefficient"^ since reori.entation is 'plainly more 

rp - 

difficult in viscous media', v ^ on the other hand is inversely 
proportional to '^,. since the deceleration of angular momentum 
is more. rapidly achieved in viscous media.- ;The equations 
obtained using.,the Debye model to spherical top molecules for 
and are 

,, , ..'Tj ' and 47rA^rV3 1cT ... (23) 

For a magnetic field of cylindrical symmetry 

Ti~^ = T2”^ = 2 kTlTj/3,h^* "* 


(24) 
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Since <;< 
expression 


we can neglect 



dependence and obtain an 



(47f) 


. 3 
(I /r 


* 1/3(2 * kT/ 


7 


(25) 


Thus this contribution is directly proportional to T/rr^ . The 
estimation of C^^and are experimentally difficult and 
hence they have been approximated by using the elements of 

3 

the G tensor. Atkins and Kivelson have shown that the agree- 
ment between theoretical estimates and experimental results 
are fairly satisfactory and in the absence of accurate values 
of C| and the approximation using elements of the G 
tensor is justified, using these values they have estimated 
the contribution from the spin-rotational mechanism to the 
linev/idth and find that for the Vanadyl complexes and Cblorine 
dioxide in solution this is significant. An important feature 
to be noted here is that this contribution is independent of 

the applied magnetic field. The theoretical formulation has 

2 

been experimentally verified by Wilson and Kivelson. 


The variations in the linewidths observed for radicals 

are due to relaxation mechanisms which depend on the nuclear 

2 

quantum numbers and which vary as M and M . A theory due to 
Kivelson gives the linewidth of a hyperfine line as 


a + b + c 


M 


1 


, , ( 26) 


for a single nucleus and for the example in question, namely 
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TEMPO, 



a^m 


a^m 


+ a. 


m. 


H 


^ 2 ' 




+ a. 


nun. 


H 


( 27 ) 


where the coefficients are expressed in terms of the elements 
of the A and G tensors. Since only the isotropic part of 
the A tensor is known, we see that 

~ ... ( 28 ) 


and thus the m^^ dependence is negligible. We thus neglect 
any mji term. We then have 

•“ 1 2 

T_ = a + a,m + a„m ... (29) 

2 O I 2 . ■ 

4 

a , a- and are aiven by 
O i. 2 

a^ =* 1/45 (^2ig Hq/ ’h) ^ * (4 Jq + 3J^) + ( l/2o) b^( 3 Jq+7J^) 

+ a^(SR) +K ... (30) 

a^ =-(l/l5) b(fS4g Hq/H) (4Jq + 3J^) ... (31) 

a2 = (1/40) b^(5jQ-Jj) ... (32) 

where is the applied magnetic field, ^ or T^, 

2 2 

Ji = ^e/ (1 ^ Vvhere 0 is the micjrowave frequency, 

g == a - g where G = / g 
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and b = 2/3 (Ajj - A^) , where A = (Aj_^ V ih radi&ns/ 

V ^1'/ 

sec. aQ(SR) is a spin-rotational contribution discussed 
above, K accounts for still other sources of broadening such 
as still unresolved hyperfine splitting. 

In the expression for linewidth Eq (30)/ it is seen 
that the dependence is negligible and hence any linewidth 
contribution is directly related to the quantum number mj^^. 

The assumptions that are further adopted in the study are: 

( 1) the hyperfine splitting constant a^^ is the same for all 
lines in a single manifold, i.e. the spacing between two 
hyperfine lines in a given manifold is the same. Although 
this is not correct according to the theory, the variations 
have so far been not calculated. (2) The second assumption 
is that each hyperfine line of a given manifold has the same 
width ■Wjj. This of course follows from the theory of aniso- 
tropic g- tensor and dipolar interactions perturbation on 
linewidth. It is further assumed that the lines are Lorentzian 
although the overall lineshape need not be Lorentzian. 

Eq (30) contains two important parameters that would 
tell us about the structural and dynamic factors in solution 

wherein the probe is tumbling rapidly such that 1. 

u ^ 

First of all we can find out the correlation time for 
reorientation of the tumbling molecule. Before we go further 
it would be relevant to dwell on the ESR aspect of the probe 
used, the free radicals 
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( 2, 2, 6/ 6-Tetramethyl-piperid*-4-” 
one~l~N-oxide / TEMPO) 

As we have noted earlier, the unpaired electron resides mostly 
on the nitrogen atom. Interaction with the nuclear spin of 1=1 
of the nucleus gives rise to (21+ 1) = 3, lines, of mani- 

5 

fold 0 and + 1. From the studies of g- tensor anisotropy 
it has been established that the high field line is generally 
the mjj= -I line and is less intense than the mj^^ = +1 line,' 
which in turn is less intense than the mj^= 0 line. Theore- 
tically we expect each of these nitrogen lines to be split 
further by the 12 equivalent methyl protons as also the methy- 
lene protons but in practice or experimentally is not observed 
because the ratio is much less than 5, such that mutual 

overlap of the hydrogen hyperfine lines obscure and defy reso- 
lution. All we record is a single line which contains all 
these hyperfine lines buried in the overall single line. 

It is seen that we observe the three nitrogen lines 
and it is from the intensities of these three lines that 
can be calculated. Considering Eq (3o) we have 

-I 2 

T^ (m) = + a^^m + a^m 

Dividing by and rearranging we have 


O 



c/J 


5 


CM. 


J 
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2 

T2(o)/T2(m) = 1 a^m/a^ ” ^2^^ ^^0 *** 

Effectively the ratio of widths or the inverse of ratio of 
square root of height of peaks gives us an equation/ i.e./ 

T2(0)/T2(ni = + 1) = 1 - ajm/a^ - = 

=ipeak ht. for m=ypea]c ht, for m= + 1) 

.... ( 34 ) 

Prom Eq ( 34 ) we can evaluate a^ and a2 if we know a^ and 
the peak heights for the three nitrogen lines, a^ is obtain- 
ed straighaway from the central line since aQ= the 

width of the central line. Measuring the peak intensities 
for the mjq = + 1 and -1 lines we get two equations in and 
a2. From a^ or a2 and equations ( 31 ) and ( 32 )/^^ can be cal- 
culated. The values reported here are from a^^ only and follow 
the method given by Stone, et al. , where ^ ±s given by 

-1 

(a^ - a_^) *{-8 b AYBq/IS pW^) ... ( 35 ) 

where a^ and a_^ are the square root of ratios of peak heights 
for mj^= 1: 0 line and mj^=-l;mj^=0 lines respectively, 

b here is given by 47 r(A-B) / 3 , where A=Aj|and B = A^ in , pre- 
vious notation, - “[92"’ 1/2 {g^+ gy)J [2 , 3 ^= applied 

magnetic field and is the width of the central line. 

Eq (3o) can also give us the hyperfine hydrogen line- 
width since we know the linewidth ejcpression. As noted 
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earlier there are 13 hydrogen lines and the 4 methylene pro- 
tons have to be considered. It has been assumed that each 
line is Lorentzian and with a width given by Eq (30) . ib 
avoid complicated computerization and to exclude all m~depen- 
dent broadening terms, the simulation was restricted to the 
mjj^=0 manifold and the width was straightaway used. A stan- 
dard program of non-linear least-squares method was used with 
modifications and the overall fit was taken for the central 
part of the envelope as broadening mechanisms too complicated 
to assess theoretically enter as the spectra tapers off at 
the two ends. Reproducibility was excellent and the fitting 
unique provided reasonable parameters were used as initial 
values. The a^^ was taken to be 0.065 gauss but simulation 
of widths were tried using the value of O.lO gauss reported 
in literature for TEMPO. They are both qualitatively similar 
except for a magnitude difference in linewidth values and we 
prefer to choose- the former set because of consistent line- 
width., ' 

We thus obtain the linewidth W^^ of the hydrogen hyper- 
fine line, which is more sensitive to viscosity changes than 
ZiH and also which reflects the time taken for one 
rotation. There is in addition another correlation time T 

: , U 

which though not experimentally obtained can be calculated , 
ueing appropriate models. Before we give a brief s,i,:pmary of 
JdXicduer & Friedman's work it is necessary to beep in mind 
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that the g-'h'ensor and dipolar perturbations vary as 
whereas the ,S’;^ih-rotational effect (SR) varies as (T/nj). 
Further the contribution to the linewidth from- the methylene 
protons has been neglected and the van der Waal's radius of 
the probe has been taken to be 2.8 A in this study. As is 
clear the theory applies only to a free radical rapidly 
tumbling in solution or when 1. 

The linewidth and values as outlined above were 

simulated and calculated for systems involving hydrophobic 
■ 7 

interactions, by Jolicoeur and Friedman. They have plotted 


width against (T//v^)' at room temperatures and obtained plots 
which followed the Kivelson behaviour i.e, ^{1l/ ) + 

"k. ''"'j /T) . Deviations from this behaviour were taken to be 
indicative of hydrophobic interactions contributing to the 
linewidth altering (mostly broadening) mechanism.. 


In^ their study Jolicoeur and Friedman have used glype- 
rol as a standard compared to which one can estimate the 
deviation, ^ values , that were obtained were corrected for 
viscosity or medium effect and using such plots, they have 
clearly demonstrated the gradual changes that occur when long 
chain cdmpounds having both polar -as well as non-polar groups 
interact with water. For example, in the series n-hexyl 
NH^'^Br to n-octyl NH^'^Br , there is a smooth transition 
which takes into account micelle formation in n-octyl ammonium 
bromide solutions . The explanation for certain solutes like 
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NaBPh^ is also understood in terms of ion-dipole interactions 
in solution and the results confirm this aspect although it 
is hardly hydrophobic in character. The most interesting 
hydrophobic solute for which an explanation has not been advan 
ced conclusively is the n-tetrabutyl ammonium bromide salt, 

fT' 

It has been known to form aggregates in solution but 
studies of Jolicoeur and Friedman reveal that is insensi- 
tive to clustering. This led them to speculate on a spin- 
rotational contribution effect which somehow broadens the 
lines at concentrations where glycerol shows a minimum in 
vs T/./^ plots. It is reasonable not to expect the g-tensor 
elements to vary much and hence they believe that the changes 
that occur are due to changes in Tj. Estimation of ^ j based 
on a Debye sphere model tells us that T ^ and 'T j are inver- 
sely related. This in turn led to the failure of the one- 
state model used by them and they speculate in terms of a 
two state model wherein two ■ different states are obtainable 
and the average of the two states is what is experimentally 
detected. 

Their results are based on the Kivelson-type plots 

and it is essential to understand the importance of a T/a^ or 

/ 

an /T variation of the width parameter. We could plot 
width against 'y/T as well and stilly obtain the optimum. 

These studies were carried out at room temperatures and the 
variant here is the viscosity of the solution. Such a plot 
thus takes into account changes that occur due to changes in 
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viscosity of the mediiart. A better guide to the structural 
changes affecting the rotation of the probe would also be to 
apply a medixam viscosity correction to the correlation time, 
as has been used by Jolicoeur and Friedman. Plots of ^ q/ rrj 
against concentration of solute would reflect changes that 
enter solely through structural factors involved in the 
solute-solvent interaction. 

In our treatment of solutes like urea, GuHCl and 
tetra-n-amyl ammonium bromide (TAAB), which are interesting 
because of their denaturing and hydrophobic properties, we 
have followed the Jolicoeur and Friedman format to a large 
extent. In addition to this we have also attemted to esti-' 
mate the aQ(SR) contribution. Since a^(SR) is th© only term 
which varies as T/^vj , a plot of versus T/v| with changing 
temperature, if linear, would reflect the magnituc^ of a^(SR)' 
in its slope. This estimation is to a very low opdep in 
accuracy but yet we feel it is quite a relevant a^d 4-i^teres- 
ting yardstick to the changes that. overtake and thus also 
the line widths . 

EXPERIMENTAL 

The spin probe used in this study 2, 2, 6, 6-tetramethyl- 

4-piperidone-N-oxide (TEMPO), was synthesized by the proce- 

8 

dure described by Rozantzev et al. The scheme is as follows; 
A mixture of acetone and calcium chloride (anhydrous.) is 
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stirred well while: ammonia gas is' passed through the mixture 
and condensed with, the, usa of a liquid nitrogen tfap^ at 
intervals of 15 ’ minutes -lor 5-6 hours. Ihe resulting dark 
and strong smelling liquid mass" is left overnight and then 
processed to obtain the:. \ amine., triacetoneamine, which when 
■"■oxidized with hydrogen peroxide in the presence of a catalyst 
like sodium tungstate gives the desired compound. The pro~ 
duct was recrystallized at least twice from a mixture of 
ether and n-hexane. The analysis of this compound, TEMPO, 
was found to be satisfactory. - 

' The water. used was deionized distilled water obtained 

b^'' passing doubly distilled water through a Barnstead mixed- 
bed ion-exchange resin column. .All other chemicals were 
An.alar Grade or better through recrystallizations. 

In a typical experiment, a fresh solution of TEMPO in 
water'' was prepared and using this, solutes of interest are 
dissolved., A small portion of the desired solution is then 
'ifiti'shed 'with N 2 gas exhaustively to free any dissolved, 
oxygen. The deoxygenated solution is-- quickly transferred 
to a pyrex sample tube of inner diameter of 1 mm hnd sealed. 
■The spectrum was recorded. using a Varian '7-4502 spectrometer 
(12' in. magnet) ■ operating, a..t: a frequency of 9.5 GHz. Ambient 
temperature 'was '.around 2j7°C,'iaridr ^ere temperature 
variation studies were made :a ; Varian ■='■£4 ■ ’( ' i^in’. magnet) spec- 
trome ter with a V-4540 thermostat unit was used. The 
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modulation amplitude used was at least four times lower than 
the setting at which lineshapes are affected. Probe-probe 
association has been reported for TEMPO in solution, and to 

avoid this artifact to linewidths, the concentration of TEMPO 

-4 

was maintained below 5*10 M. The modulation frequency used 
while recording the spectra was loO KHz, while the time 
required to scan the peak-to-peak width was about a minute. 

Reproducible spectra were obtained under these condi- 
tions and for a given typical sample the reproducibility of 
linewidths was within 10-15 mG. A typical spectra is shown 
in Pig. II, 1. a^^ was found to be 15,6 gauss. 

In the analysis of spectra recorded as described 
above, a non-linear least squares method was adopted to 
obtain the overall envelope of the observed line after simu- 
lating the thirteen hydrogen hyperfine lines, lying buried 
in the envelope, ass-uming a Lorentzian lineshape for each 
one of these thirteen lines. The buried parameters were then 
obtained through an iterative process converging to the 
final value from a set of initial values. At least two 
sets were run for a single spectrum comprising a minimum of 
20 experimental, observed data points. The convergence is 
unique provided reasonable initial values are assigned. 

For the calculation of the correlation time of the 
txmbl in g probe knowledge of the b and 4ig quantities is 
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Pig, II. 1: ESR spectrum of the spin probe TEMPO showing: 

the three lines due to the nitrogen nucleus ; 
and the 0 manifold separately. The spec-: 
trum obtained at 40 gauss scan and a 4 min • 
scan rate was used to obtain a^^ values while 
the spectrum at 2 gauss scan and 2 min . scan 
rate is the mj,,= 0 manifold and was used for: 
the simulation to determine the width of- 

the proton hyperfine line. 






netic field Hq , gauss 
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essential. Since the values of b and Zlig have not been 
measured directly for the probe, TEMPO, the values obtained 
for the similar radical di-tert-butyl-nitroxide, by Griffth, 
et al.^ have been used here. 
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CHAPTER III 


SPIN PROBE STUDIES ON THE EFFECT OF URE 
CLASS DENATURANTS ON WATER STRUCTURE 


Compounds belonging to the urea-guanidinium class func-j 
tion as effective agents in the unfolding of globular proteins 
in solution and are termed denaturants. The role of these in; 
the denaturation of proteins in solution has not been understc 
completely* There are two mechanisms by which this process cc 
take place. One is the direct interaction of the denatutant wl 
the macromolecule which brings about conformational changes Is 
ing to denaturation. The second mechanism involves a solvent 
structural change induced by the agent and this perturbation 
would then manifest itself in altering the solvent-macromole-' 
cule interactions and enable the macromolecule to unfold, causi 
denaturation. One could also envisage a process in which the : 
above two mechanisms operate simultaneously, in the present 
chapter we shall be concerned with the validity of the second 
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* , . ■ ' "" " 1 

.teas been called ttee teydrophobic interaction. It is important 

to realize that this large-entropy term involved in hydrophobic 
.interactions arises due to the unique hydro gen -bonded polymeric 
structure of, liqpid water. Therefore, changes in the structure 
of water might be expected' to have important and direct bearing 
on the hydrophobic interaction. Any solute that alters water 
sfpucture would inciirectly affect the hydrophobic interaction 
itself' and if .such a situation exists, then the solute would 
also affect the/ conformation of , a protein in aqueous solution 
since the hydrophobic interaction would be expected to be modi- 
fied as a result of the alteration of the structure of water. 

To understand the process by which such a -destabilizing 
or denaturing takes- place we. have to study the solvent changes 
and construct a possible mech^i-stic pathway. Of all the 
reagents that are kno-wh to denature proteins in aqueous solution, 
urea has been studied 'most extensively. Urea in water- has remark 
able properties, For example, it enhances solubility of hydro- ■ 

2 ■ ' . 3 

carbons, inhibits mi'c-ellar aggregation of surfactants and 

affects the conformational properties of a, wide range of water- 

4 

soluble polymers. The solubility of urea in water is greater 
than 20 m at’-25*^C. In addition, the urea-water interactions 
are similar to urea-rurea interactions in the fused state and 
water-water interactions in pure water. A large amount of 
research has been carried out on urea-water systems, a fair 
reflection of the importance of urea as a denaturant as well as 
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the controversy that evolves around its role in protean denatu- 
ration. In addition to thermodynamic studies of urea in water 

as binary and in ternary systems/^' ^ ' spectroscopic studies are 

7 8 Q 

also abundant* NMR^ IR, Raman scattering and Ultrasonic 

1 0 11 1 '? 

attenuation studies^ ■ supported by volumetric data have 

all shown that urea does show a concentration-dependent effect 

on liquid water structure and measurement of properties of 

aqueous urea at one single concentration is not sufficient to 

13 ' 

predict urea behaviour. • 

The general conclusion that is reported by most workers 

is that urea is a structure breaker although there have been 

14 

instances where urea was reported to be a structure maker. 

15 

Others have suggested that a monomer-dimer equilibrium exists 
in aqueous urea solutions but failed to explain the structuring 
properties. The most important conclusion that we can draw from 
these experimental studies is that none of these experimental 
techniques has been found to conclusively prove one mechanism 
or the other. This drawback arises out of the fact that the 
time of equilibrium in liquid water is of the order of 10 ^^sec 
and so far all the methods employed have characteristic times 
of measurement many orders of magnitude larger than this equi- 
librium time. Nevertheless the conclusions drawn are a useful 
pointer in the present study which takes a microscopic look at 
the urea-water system through the ESR technique with a time scale 
of measurement of the same order as that of the equilibrium time. 
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Equilibrium thermodynamic studies^ - on urea in water 
showed that the results could be interpreted in terms of little 
alteration in water structure upon adding- urea at low concentra- 
tions, while urea does disrupt water structure at high molari- 
ties (7 M) . Infrared spectral studies on aqueous urea (and 
urea derivatives) by Swenson^ showed again little effect of 
these additives on water structure. Raman spectroscopy^ does 
indicate that urea disrupts water- structure but less efficiently 
than bromide ion. Ultrasonic attenuation studies in aqueous 
urea by Hammes and Schimmel^,.^*^. and by Arakawa^^ reveal that 

urea is a structure-breaking solute. By far' the most convin- 

7 

cing study has been by Finer, Tait and Franks who have studied 

the nitrogen nuclear magnetic relaxation of urea (and 0 line- 

widths) over a wide concentration range in water.' This study 

reveals that urea disrupts water structure at, all concentrations, 

urea-water hydrogen bonding is short-range and short-lived and 

also urea is ‘not able to penetrate water clusters. They see the 

16 

role of urea as a statistical structure breaker, i.e. it shifts 
the cluster; monomer equilibriTom of solvent water ' towards the 
monomer microphase. The need for .independent technique that 
is able to monitor the effect of urea in water structure is thus 
obvious. 

Derivatives of urea have also been used as denaturants 
of proteins and biopolymers in aqueous solution. It has been 
known that thiourea and guanidinium salts are effective 
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denaturants, while thiourea has limited solubility (<(3 M at 
25°C)/ guanidinium chloride is highly soluble and is a better 

Is 

denaturant than urea. Among methylated ureas, N-methyl urea 

and N, N' -dimethyl urea are weak denaturants with the former 

somewhat better compared to the latter. Tetramethyl urea does 

not denature proteins and indeed has been seen to behave as a 

renaturant. The progressive substitution of methyl groups is 

apparently a factor that weakens the denaturing ability. Studies 

on their behaviour towards water structure are very few, Thermo- 

dynamic study revealed thiourea to behave very similar to urea 

while guanidinixam chloride was found to disrupt water structure. 

Infrared spectral measurements on aqueous solutions of several 

8 

urea derivatives showed no correlation between the spectral 

shifts and denaturing ability. There are no n.m.r, measurements 

available on these systems, but ultrasonic attenuation studies i 

11 19 

by Arakawa and coworkers ' have shown that N,N' -diethyl urea 
is a structure -maker, N, N' -dimethyl urea is weak structure- 
breaker, urea a good structure breaker, and guanidinium chloride 
a structure breaker better than urea. 

As mentioned earlier, reported studies on the effects of 
solutes on water structure have employed methods that are too slow 
in their time scale of measurement compared to the 10 psec time- 
scale involved in the dynanics of water structure, or too fast. 

It would thus be very desirable if we were to choose a method 
wherein the time scale of reporting is comparable to that of the 
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molecular events occurring. The use of ESR spin probe method, 
as pioneered by Jolicoeur and Friedman, has this advantage, 
and thus would be able to offer more or less a direct monito*- 
ring possibility that was not possible in other techniques. 


EXPERIMENTAL 

The experiments involved measurement of the hyperfine 

linewidth, and the peak intensities of the m= 1, Q, -1 lines 

—4 

in the ESR spectrum of 5 x 10 M TEMPO in aqueous solutions of 
urea, and of its analogues at several temperatures. The experi- 
mental details are given in Chapter II, as also the method of 
determining the hydrogen hyperfine linewidth, tumbling correla- 
tion time Tq ,Tj , and the spin-rotation interaction coefficient 

a (SR), 
o 

Analytical reagent grade urea obtained from BDH Ltd. was 
used as such. Guanidine hydrochloride was recrystallized from 
water containing hydrochloric acid at pH =4.6 and dried in 
vacuum at 60°C. Thiourea was recrystallized from ethanol and 
dimethyl urea (sigma) from isopropanol. The water used was 
deionized distilled water, obtained by using a Bamstead mixed- 
bed ion-exchange resin column ~ 

Fresh solutions of the desired compounds were made and 
degassed with nitrogen to remove any dissolved oxygen. The 
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ESR spectra were then recorded using pyrex sample tubes. 


RESULTS A1?D DISCUSSION 

The e,s.r. spectra of TEMPO in, aqueous solutions of the 
various denaturants were recorded and the computer simulation 
of the observed mj,^s= 0 manifold by non-linear least-squares fit 
yielded values. 'Xq were calculated from the intensity ratios 
of the m^= lines. We discuss each of these separately. 


( i) Urea Solutions 


Table III.l lists the hydrogen hyperfine linewidth values, 
(computed using a nonlinear least square curve fitting pro- 
gram on the experimental e.s.r. spectra of TEMPO in urea solu* 
tions), tumbling correlation time 'T^ (calculated from the inten- 
sities of the m= 0 and m=+l lines of the e.s.r. spectra as per 
Equation 11. 3S), and the statistical parameters of the fit. 
Figure III.l shoves the variation of the txombling correlation 
time of TEMPO in. urea solutions, and Figure III.2 is a plot of 
the reduced 'T q value, i.e., the ratio versus molarity of 

urea. The ratio 'T q/o^ in effect corrects for the bulk viscosity 
of the medium, a factor that directly influences the value of 
Tl. The corrected ratio removes the effect of the bulk visco- 
sity and is expected to reflect motional effects of the probe 
caused by changes that have occurred in the solvent structure. 


Aout Nf>. 
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Figure III.l displays the variation of the tumbling co- 
rrelation time in increasing molarities of urea. It is striking 
that rather than vary in a linear fashion (as happens in solu- 
tions of aqueous glycerol), Tq decreases to a minimum value of 
6 psec at 2 M urea, to increase again to 18 psec in 3 M, follow- 
ed by a near constant value of 15-16 psec beyond 3 M urea. The 
usual reference used in such studies is aqueous glycerol where 
it is generally ass^xmed that no structural alteration of liquid ; 
water occurs upon adding glycerol. Between 0-50% 'l^ is .found 
vary strictly linearly essentially reflecting bulk viscosity 
changes in the medium. It has also been suggested that motion 
of the probe may not be sensitive to solute-solute aggregation, I 
or to small changes in the * local * viscosity of the environment ! 
around the probe?^ In light of this, it is remarkable that 'X ^ [ 
varies in the fashion described in Figure III.l in urea solutioni 
It is evident that rather drastic changes are occurring in the 
neighbourhood of the spin probe molecule that are reflected in 
its tumbling motion. Let us first look at the possibility of 
probe molecules interacting among themselves or with solute mole: 
cules. Jolicoeur and Friedman have deduced that probe-probe i 
association is negligible below 5 x lo M, and accordingly we 
chose TEMPO concentrations below this value to avoid probe-probe i 
aggregation in all our experiments. Regarding the interaction | 
between the probe and solute or solvent molecules, the following; 
points should be noted. In light of the size of TEMPO, a 
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van der Waals radius of 4 --i't appears unlikely that it would 

be accornmodated inside the cavities of clustered water mole- 
cules. However/, it is ’ to *be .noted thait if the -probe is assumed 
to rotate in solution following the Debye-Stokes hydrodynamic 
model/, its hydrodynamic radius .turns out to be about 2 %. One I 
is not completely justified then in ignoring the possibility 
of TEMPO, molecules entering and occupying cavities in the water 
clusters that exist in liquid water.;. In . such a situation^ the 
spin probe may find itself in the cluster microphase or in the I 

dense depolymerized microphase of • liquid water with equal ease. 

The e.s.r. signal will be a composite one reflecting both environ'-; 
ments and the calculated' 'Tg a, weighted average of both situations, j 
The interactions between the prpbe and solvent water are expected i 
to be,, if any, of dipolar .and hydro.gen -bonding types. A probe 
occupying the cavity in a cluster will be expected to be well- 
bound by these forces. That probe-w.ater'.interactions do occur 

is seen from the value of TEMP.O in water (20 psec),. while 'T q 

20 

■in methanol ,CC1^ or ^ 12^26 less than 10 psec, the latter 

two solvents are more viscous than water. Interaction between 
the probe and urea molecules are expected to be of the same type 
as between it and water. 

The data in Figure .ITI. 1 (and in Figure III.2) reveal 
broadly three regions in. aqueous '.urea solutions, where the spin 
probe shows different trend's of timbling motion. Region I is 
from 0-2 M urea, where for TEMPO drops from 20 psec to about 
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6 psec, despite an increase in the solvent bulk viscosity from 
0.89 cP to 0.91 cP. In Region II that spans 2-3 M urea solu- 
tions, shows a large increase from 6 psec to 18 psec, ahd 

this is followed by the Region III, beyond 3 M urea, where 
drops gradually to 15 psec at 7 M.- ' It thus, appears that, as 
the concentration of urea in water i&’ increased, the spin probe 
senses in. effect three distinct kinds of , micro-environments 
around it.. Before, we attempt to explain this, a brief review 
of the existing information from earlier work on aqueous urea 
systems may be in order. 

'■ " ' 23 

The recent review by Sarma and Ahluwalia has sirnmarized 

various viewpoints about the effect of urea on water structure. 

■ '• . 14 . ' . ' ^ 

The point of view that urea increases water structure, origi- 
nally raised in 1965 has since been proved ' incorrect.- Thermo- I 
dynamic evidence -and spectral studies on aqueous urea systems 
suggest that : at high concentrations, urea disrupts water struc- 
ture while .the results at low or moderate concentrations are not ■ 

unequivocal -Raman scattering,^ Ultrasonic attenuation, and 

■ 14 17 1 7 

N ,0' and.H - resonance measurements on aqueous urea solutions I 
all point out . that urea disrupts water structure at all concen- 
trations,;. There has been some attention given to the self- I 

' ' ; . 15- 

aggregation of ; urea molecules in water also; while Schellman, I 

1 22" '23 24 
Kreschedcand Scheraga, Stokes,. and Void et al . have sugges- ; 

ted that urea ekists as intemolecular self-aggregates. Finer et al 

■ ■ 14 . . T ^ 

have disputed this on the basis of N relaxation studies and I 
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inferred that urea aggregation is virtually nonexistent. However 
urea~water interactions do occur but of short-range and are 
short-lived in nature. In addition to these, is the important 
paper by Prank and Pranks^^ on the urea-water system, which con- 
siders the effect of urea as statistically disrupting water 
clusters to produce a shift in the water polymer-monomier equi- 
libritjm towards greater disorganization. The possibility of. 
urea entering water clusters has been discarded on geometry 
grounds, as also the possibility of any urea-urea or urea-water 
interactions extenso . In a sense, this treatment regards 
water as a two-miicrophase system (the bulky cluster microphase 
and the dense monomeric microphase) and the addition of urea as 
to statistically alter the population of water more into the,; 
dense microphase. 

We then have the following situation obtaining when increa- 
sing amounts of urea are dissolved in water. The main effect of 
urea appears to perturb the equilibrium towards the right 
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with the perturbation increasing as more urea is added into the 
system. One of the consequences of this urea-induced depolyme- 
rization of water would be to reduce the size of a given cluster 
of (bulk) water. In pure water, the viscosity experienced by . 
a given TEMPO molecule would arise jointly from the several 
clusters present and the monomeric water species. The size of 
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water, the niomber of monomeric water and urea molecules in the 

2.4-'' 

"dense" microphase increase. While Void ^ have suggested 

self aggregation of urea beyond 2 M, such associations have been 

discounted by the near constancy of ■ the tumbling rates of urea 
7 

molecules. On the other hand, inter'actions between urea and 
water molecules to produce short-lived and short-range mixed 
aggregates^ do occur at these concentrations of urea,; as seen by 
the retardation in the tumbling of urea molecules themselves. 

We thus have a possibility of the environment around the probe 
in the "dense" microphase of water being altered due to: (a) 
urea-water associations, (b) urea-urea aggregations, which still 
may. persist as short-lived at- short-range, (c) competition 
between urea and water for the solvation of the probe molecules, 
(d) interactions between urea and -the water molecules of hydra- 
tion '^that surround the spin probe, which in effect retards the 
hydrodynamic motion of the probe, an.d-. (e) an increase in the 
local viscosity of the dense microphase arising due to the tran- 
sient urea-water hydrogen bonding. Any or. all combinations of 
all these factors may contribute to produce an increase in the 
resistance to the txambling motion of the spin probe. These 
effects occur, together and side by side with , the urea-induced 
melting of the bulk water clusters and region I and II essen- 
tially reflect the predominance of the two processes. /The mini- 
mum in T'q at 2 M urea and the maximum at 3' M urea are thus not 
unigue but essentially points- where the ■; depolymer i nation of , 
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clusters (and the consequent increase in fluidity) and the 
changing solvation/solvent patterns arising due to urea-water 
(and in principle urea-probe) interactions offset each other. 

Beyond 3 M urea, we propose that the melting of water 
clusters is predominantly complete and we have little bulk 
microphase left. Long-range order in water has been destroyed 
and liquid water exists to a very high extent as unstructured 
or "dense" molecules, interacting with each other and with solute ; 
urea molecules on a short-range and short-time basis. In effect 
then, the spin probe molecule sees essentially the same micro- 
environment beyond 3 M urea solutions, and the value changes 
little, from 17 psec to 15 psec in the region 3 M - 7 M urea. 

At high concentrations of urea, i.e. 6 M or beyond the clusters 
are completely non-existent and the solvent consists of dense | 

water only. At medium to high concentrations of urea, the : 

!' 

increase in the medium viscosity effect (from 0,89 cP to 1.35 cP at 
7 M) is more than offset by the decrease in the local viscosity 
around the probe due to cluster melting, that is consisten- i 

I 

tly smaller in urea solutions than in pure H 2 O. | 

Figure III. 3 shows the variation of the computed hydrogen j 
hyperfine linewidths of TEMPO in aqueous urea. The line- I 

width attains a minimum of 0.2 G at 3 M urea, rises again until 
5 M urea followed by a gradual drop upto 7 M urea. The behaviour 
resembles that of itself. In Figure III. 4, we plot the 
dependence of on the factor T/^ in order to estimate its 



Fig. Ill, 3: Proton hyperfine linewidth of the n rnnnil 

fold of TEMPO, W,, , as a function oi inolarity 

H I 

of urea. I 





Fig. III. 4: Proton hyperfine linev;idth of the rr.,, i.' ...as 
fold of TEMPO, W., , as: a fund iosi i«! 'i at 
T= 298K for 1-7 M urea. 
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conformity to the Kivelson behaviour (cf. Equation 1,3). In 
the same figure is plotted the behaviour of TEMPO in aqueous 
glycerol, an inert solute that allegedly does not disturb water 
structure. Under conditions where no structural effects arise, i 
the plot should obey the relation 


Wr = k, (■ 


kT 

n 


) + k^ (- 




kT 


+ K 


... (3) 


While such a behaviour is indeed obtained obeying the above 

-2 

equation for glycerol, with a minimxim in at T/,vj = 1,3 x 10 
(K/cP), the curve for urea solutions is more complex. There 
are two optima obtained, reflecting that linewidth of TEMPO 
signals are governed by factors other than simple bulk viscosity I 
effects. Interestingly, the linewidths in urea are smaller thar 
in aqueous glycerol. This line narrowing ought to be consis- ; 
tent with the results; we notice from Figure III.l that it 
is indeed so. The values for the probe in urea are consis- ^ 
tently smaller than the value in glycerol solutions. The Vq t 
values increase with increasing concentrations of glycerol, 
while with urea the values change in a rather unique fashion . 
The lack of any broadening of the line in urea solutions may ^ 
be taken as an indication of the absence of any preferential 
interaction between the probe and solute urea. ' 


We have also studied the temperature dependence of the 
linewidth W„ at four urea concentrations, i.e. 2, 3, 4 and 6 M. 
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The variation of the linewidth with temperature are shown in 
Figures III. 5 to III. 8 at various molarities of urea. The plots 
are essentially linear as expected, in Figure III. 9 we have 
given the variation of with T/n^ for 2 M and 6 M urea solu- 
tions. Th,e plots are linear, indicating that spin-rotational 

contributions to linewidth do occur via the a (SR) term. The 

o 

-4 —4 -1 

slopes of this plot are 4.8 x 10 and 5.1 x lo G cP K for 
2 M and 6 M urea respectively, revealing a greater a^(SR) con- 
tribution at the higher molarity. The ratio of |_a^ ( SR)/overall 
width turn out to be 0.45 and 0.42 for 6 M and 2 M urea solu: 

tions respectively. In order to check whether a Debye-type ; 

motion model is applicable to the probe in the urea solutions, 

the parameter L was calculated from the a (SR) value in 2 M 

j o — ■ 

urea at 298 K. 

Assiming a van der Waals radius of 2.7 8. for TEMPO, as 
suggested by Jolicoeur and Friedman, leads to a calculated ! 
value for T ^ that is in agreement with the observed in 2 M I 

urea and in 6 M only if the viscosity were corrected by a 

factor of 2.7 and 6.0 respectively. The Debye model is appli~ 
cable without major rectification, only at 2 M urea since the- 
correlation between and (_ at 6, M urea is not in aareement. 

J — I 

As a further check, we computed the values of on the basis of 
the radius and the viscosities mentioned above and obtained ! 

( ^ = 5 ,5 X 10 and 9.0 x lo sec for 2 M and 6 M urea solum 
tions. These values are considerably different for 6 M from tho; 
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Fig* III, 5; Proton hyperfine linewidth of the o mani- 

fold of TEMPO, Wj_j. , as a function of tempera- 
ture, T for 2 M urea. 
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Fig. III. 6: 


proton hyperfine linc-iv/idth of the? 0 marsi 

I ‘ 

fold of TEMPO, v'Yj ,■ Qs -a function of terrinora- 
ture, T for 3 M urea. 
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Fig. III. 7: Proton hyperfine linewidth of the ni.," 0 mani- 

I-''.. 

fold of TEMPO, Wj_j , as a function of tempera- 
ture, t for 4 M urea. 
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Fig, proton hyperfine linewidt!' o£ tlif- r. (i 

fold of TEMPO, , as a function oj' 
ture, T for 6 M urea. 


r lUi , - 



W|-j (gauss) 




Fig. III. 9: PTOton hyperfine linewidth of the O rnani- 

fold of TEMPO, Wpj,as a function of T/^ at 2 H 
and 6 M urea. 
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calculated from the a (SR) terms from the following relation 


a^(SR) = j^(g - 2.0023)^ + 2(g^-2.0023) ^ 


using appropriate values^ calculated this way turn out tq i 
-14 . 

be about 10 sec in the above solutions. From these it seems 
to us that a simple Debye model for the Brownian motion of the 
probe may not be appropriate. 

It is interesting to speculate on a two-state model in 
which the probe is far from a solute with a large and very ^ 

small "Tj , and in another state where it is close to a solute 
with small and large the second state is less pro-? 

bable than the first, Tq may not be affected much on an average, 
while 'T may be significantly different from the first state and ^ 
T'q and ‘Tj may still follow the Debye pattern but the average 
values need not. 

To sxammarize this portion, we believe the following pro- | 
cesses occur in aqueous urea solutions, which are consistent 
with the changes seen in the tumbling correlation time and the 
linewidths of the spin probe dissolved in the medium. 

1. ^t all concentrations, urea disrupts the cluster phase] 
aggregation of liquid water. This disrupting effect is greatest a 
low concentrations of urea, indicative of a cooperative effect. ] 
The reduction in the size of the water clusters reduces the resis 
tance to the motion (tumbling) of the dissolved spin-probe and 
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(T 

consequently at low concentrations of urea, for TEMPO is 
decreased- . ■ . r. -v . 

2. As the mol arity' of urea is increased ■ further, a variet; 

of factors such as urea-uire a aggregation, urea-water as^bciationi 
alteration' in the solvation' profile of the probe molecule, and 
similar interactions in effect alter the immediate environment 
of the probe, causing an increase in its value, ■ ' 

3. At 3 M 'urea, the bulk water microphase is predomi- 
nantly destroyed and the solvent is assentially a non-struc- 
tured collection of urea and water molecules in a '‘dense" micro- 
phase. The \q of the spin probe accordingly levels off to an 
almost constant value that reflects the "bulk" viscosity of the 
medium. 

These interpretationsof the e.s.r.’ results of the 

14 . ^ 

probe are consistent with the data on N , relaxation time 

17 ' ' 17 

measurements- of urea, Q linewidths of.H^O ,, and the chemical 
shift measurements JH^O and urea protons)/ in aqueous urea solu- j 
tions, and support the Frank-Franks picture of liquid water 
and aqueous urea solutions. The advantage of .having used the 
e.s.r. spin probe technique with a measurable ^ of picosecond 
range is clear. Since this is also the, time scale involved 'for i 
the water molecules to flick'er between' 'bulk and dense micro- 
phases, so that in effect tumblihg correlation time 'measurements 
are able to report in situ events of comparable lifetimes , which : 
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has not been possible with longer-time scale measurements such 
as, ultrasonic attenuation. 

(2) Urea Derivatives 
(a) ^Thiourea 

Thermodynamic studies by Subramanian et al. have indi- 
cated that thiourea behaves similar to urea in its effect on 
wateir st3ructure. It is also known that thiourea is as effective 
a den atur ant as urea at comparable concentrations. Unfortunately 
however, the solubility of thiourea is limited to about 3 M in 
water at 25°C. Thus only limited comparison of urea and thio- 
urea has been poe-sible. In Table 111.6 are collected the 

ti. 

values, and the curve fitting parameters for the e.s.r. spec- 
trum of TEMPO in aqueous thiourea solutions at 1, 2 and 3 M, 
concentrations and 'ambient temperature (27°C). The W^. value of 
0..290 gauss at O M ■ (pure water) decreases, to 0.264 at 1 M and 
then shows a steady increase to 0.279 G at 2 M and 0.211 G at 
3 M thiourea. The corresponding tumbling correlation times are 
7 psec, 16 psec and. 31 psec at 1 M, 2 M and 3 M thiourea, com- 
pared to 20 psec in water. Measurements could not be carried 
out beyond 3 M due to insolubility. However, one notices that 
the trends in both and with concentration in thiourea 
(Figure III.lO) are comparable to the case of urea, showing 
thereby that replacement of 'the carbonyl oxygen by sulphur does 
not vastly alter the structural effects of urea derivatives on 
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Pig. Ill, 10 (a): proton hyperfine linevj^idth ot the ei 0 

manifold of TEMPO, W,- , as a lunction ol 
molarity of thiourea. 

(b) : Tumbling correlation tirno'{' oi t.hn i,..- 
probe TEMPO, as a functicn oi roiar. i t.y '.i 
thiourea. 
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water. It is to be noted that the tumbling correlation time of 
TEMPO in 3 M thiourea is larger than in water, indicating that 
the microviscosity in the medium, is larger. Probe-solute inter- 
actions, or a mild structure making tendency, or even bulk vis- 
cosity increase could account for this. However, in the absence 
of data beyond 3 M, we are restricted to the interpretation that 
until this concentration, thiourea behaves essentially similar 
to urea; i.e., initial disruption of water clusters followed by • 
a display of changed solvation profile of the probe or thiourea- 
water' interaction. 

(B) Dimethyl urea 

N, N‘ -Dimethyl urea is known to be a weaker denaturant 

than urea. Its effect on water structure, as monitored by infraT 

8 T.Q 

red and ultrasonic attenuation methods, is considered to be 

a mild structure-breaking one. The introduction of two methyl 

groups in urea leads to the decreased effectiveness (indeed tet^c 

methyl urea and also N,N' -diethyl urea are structure makers^^) . 

Again the solubility of dimethyl urea in water is limited to 3 M ' 

at 25°C, and so experiments could be done only upto this concen- i 

tration region . 

Table III. 7 lists the relevant e.s.r. spectral values of ! 
TEMPO in aqueous dimethyl urea solutions. The linewidth of the 
hyperfine lines are = 0,241, 0.263, and 0.235 G at 1 M, 2 M 
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Fig. III. 11 (a): Proton hyperfino linewidth of the 0 tsiani- 

fold of TEMPO, as a function of molarity of 

dimethyl urea. 

(b) ; Tumbling correlation time f , of the spin- 

* y 

probe TEMPO, as a function of molarity of 
dimethyl urea. 
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and 3 M dimethyl urea respectively. The tumbling correlation 
time X, of tempo are 12, 18 and 21 psec at 1 M, 2 M and 3 M 
dimethyl urea Solutions respectively. Figure III. 11 illustra- 
tes the variation of and of the spin probe in these solu- 
tions. Once again; the similarity with urea is striking,. The 
minimum in 'T^ occurs at 1 M followed by a steady increase upto 
3 M; the limit of solubility. Dimethyl urea also breaks water- 
structure aontinuously but less efficiently than urea itself, 
a factor that can be attributed to the methyl group substitu- 
tion. 

The common features that emerge from the spin probe stu- 
dies on the effect of the three ureas on water- structure are as 
follows. Even at low concentrations, the ureas disrupt the 
cluster microphase of liquid water. This is reflected in the 
large drop in initially; the subsequent increase can arise 

due to several factors that involve probe solvation changes and 
solute-solvent interactions, but the structure-brecking effect 
of the solute is still manifested. These results are in accord 
with the ultrasonic attenuation results and equilibrium thermo- 
dynamic study on these solutes. 

( 3 ) Guanidinium Chloride 

This isoelectronic analogue of urea is known to be a 

18 

stronger denatxirant than urea itself. It has also been repor- 

19 

ted to be a more efficient structure-breaker. In Table III. 8, 
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we list the and the statistical parameters of e.s.r. spec- 

tra pf the spin probe TEMPO in aqueous solutions of varying 
molarities of guanidinium chloride. Figures III. 12 and III. 14 
plot the, hydrogen hyperfine linewidth and the tumbling correla- 
tion times of TEMPO in these solutions respectively. It is 
very interesting to note that the. linewidth plot is linear with 
guanidinium chloride molarity.- This behaviour is different from 
what is seen in - urea.. In Figure III . 13, we show the Kivelson 
plot (i..e, versus T/^vj ) for guanidinium chloride. On com- 
paring with glycerol solutions the curves look similar but 
the linewidths in guanidinium chloride are consistently smaller 
than in glycerol;, and than in urea. Unfortunately we were not 
able to do temperature-dependent studies on in guanidinium 
chloride, in order to estimate a (SR), and , 'T. But if one 
turns to the variation of ^ of the probe in guanidinium chloride 
solutions. Figure III. 14, the behavioural similarity with urea 
becomes apparent. decreases from 20 psec in pure water gra- 
dually to a minimiim of 8 psec at 4 M guanidiniiom chloride after 
which it increases slowly to lO psec at 7 M, while with urea, 
the minimum value of 6 psec is achieved at 2 M, increasing to 
17 psec at 3 M after which no significant changes occur. This 
difference between urea and guanidinium chloride might arise 
due to the fact. that the latter is an electrolyte, with struc-- 
tural effects that arise from the cation and the anion. Accor- 
dingly the solvation profile in this molecule will be different , 
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Pig. III. 12: proton hyperfine linewidth of the 0 mani- 

fold of TEMPO, W,,. , as a function of molarity 

i i 

of guanidiniuin chloride. 







Fig. IIJ..14: Tumbling correlation time,Xc^, of the spin 
probe TEKPO, as a function of molarity of 
guanidinium chloride. 
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from that of urea. Notwithstanding this, the ^ curve shows 
a rapid fall in the correlation time and even at high molarities 
the Tq is about 10 psec^ a value smaller than what is obtained 
with high urea. This may be a reflection of the reported ten- 
dency of guanidinium chloride to disrupt water-structure even 
better than urea. The initial drop in'T'^ (from 20 to 8 psec) 
between 0-4 M apparently indicates the effect of disruption of 
water clusters by the denaturant solute, Pres-umably the break- 
down is complete at 4 M since beyond that increases little, 
the small increase possibly reflecting viscosity increase in the 
medium. Our results, we believe, are consistent with the opinion 
that urea and guanidinium salts disrupt water structure at all 
concentrations efficiently, and this breakdown occurs more dras- 
tically at low concentrations, and that guanidinium chloride is 
a more efficient disrupter, in this light, it may be worthwhile 
to look at the effect of different guanidinium salts to assess 
the anion effect on water structure, solvation patterns on 
TEMPO, and water-den aturant interactions. 

A NOTE ON THE LIMITATIONS OF THE METHOD 

We have recently come to know (Jolicoeur,C., personal commu 
nication) that recent work on TEMPO in micelles solutions has 
led them to ^-luestion the meaning of linewidth changes and 
apparent variations in f q. In the micelle solutions, much of 
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the spectral changes occur because of changes in the spin para- 
meters and 

In light of the above, there 

uve, mere is a possibility that in 

Mixed aqueous solutions apparent changes In and aacur in 
part due to motional effects and in part due to chances that 
occur in the hyperfine constants a, and a,, xt is thus i„pa.. 
tant that „e know to what extent such changes in a^ and a 
occur, dolicceur and Frledma?°had used in their work on tempo 
in aqueous solutions a value of a^^ = 0.06 G + 105 ^, since no 
reliable trend m the could be detected . Also, for TEMPO 
in CCl^, simulation of the e.s.r. spectrun. and calculation of 
the ajj value using a computer program yielded for them 3^^= o.lo c 
in satisfactory agreement with values of a^, determined fL NMR, 
ajj - 0.12 G, and o.lo G. it is thus Important to estimate the 
values of and changes in a„ and _a„ and to determine to what 
extent these affect the values. 

In our curve-fitting procedures, we adopted three diffe- 
rent approaches. In the first, the value of a^^ was fixed as 
0.065 G in conformity with the aqueous solution value obtained 
by Jollooeur and Friedman, and the values calculated. i„ ^ 
second approach, a^ was fixed as O.lo G, the value obtained in 
CCl^ solution and verified by NMR and calculated, ir, the 
third, we let a^j be optimized, from a free-floating value, along 
with Wj,. In Table III. 9 , „e list the results obtained from all 
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the three approaches for urea solutions. ,lt is apparent that th€ 
results obtained are inconsistent and not realistic when a^ is 
not fixed. For example, from Table IJI.9, we notice that when 
optimised from a free-float value, a^^ varies from 0.044 to 
0.081 G, and the patterns 'obtained in are random. The 
changes in as a function of molarity of urea using all three 
approaches are 'plotted in Figure HT..15. On the other hand, when 
aj_j is fixed at 0,065 G or at 0,10 G, . the trends in are simi- 
lar as can be seen in- the: figure, . .excepting that with a higher 
linewidth falls. Incidentally, the range in the variation 
of a^ when floated and optimized i.s 0.04-0.08 G, and. the mean 
value obtained "from there is a^^ = 0,,06. G. We have indeed Simula-; 
ted every -spectrum of -the probe in .all solutions tried in this 
thesis usihg ail ’'the threev approaches. In all these cases, 
letting a^j fib at did not yield us cgn.sistency.. Perhaps a 
more' direct case against letting a^^ float and , sim.ul ate the ex- 
perimental spectrum comes from:- .the-. data on aqueous gly:cerol 
solutions. In Table' lil, 10,- - are 'given- the linewidths of the 
hydrogen hyperf ine interhctio'n fbr the spin jirobe in glycerol 
solutions using a.^^ = 0.065' .G,- ‘’0. 1.0 G~..and letting it float. 

Notice that fluctuates without .... a definite trend -when aj| is 

not fixed. We 'have as':' a'comparis-on..- for., "this ..trend, the data 
of Jolicoeur' an'd Friedman on .aqu.e.o,us glycerol.. ...They have seen 
that the Kivelson behaviour is obeyed in this system, with a 
minim-um of occurring at T/^ = 120 KcP ^ at 25°C. pur data 



Effect of changing on linewidth w of TEMPO j 




107 





G 












H 


O 

o 

00 

uo 

o 

o 







H 

o 

o 

H 

o 

o 





G 

jx; 


in 

ro 








0 

G: 

o 

O 

O . 

O 

o 

o 





S-i 


• 



# 

• 

• 

1 




G 


o 

o 

o ■ 

o 

o 

o 





(rl 










m 












G 












0 


1 — j 










•H 


fd 


o 

ro 

LO 

o 

o 

CD 

o 


•P 


£ 


CD 

KO 

o•^ 

o 

in 

00 

H 


G 


H 

Hpl 

i> 

CD 

CD 

CO 

o 

l> 

l> 


H 

1 

-P 

rcT 

O 

O 

O 

o 

o 

o 

o 


0 


ft 


#■ 

• 

* 

• 

« 

« 

* 


m 


O 


o 

o 

o 

o 

O ■ 


o 


j — j 












0 












G 












0) 



X 









o 



OJ 









>i 


G 










1 — 1 


CD 

G 

c^ 

ro 

tH 

o 

1 — 1 

ui 

C7\ 


Oi 



0 

■CD ■ 

H 

G) 

in 

ro 

ro 

cn 





H 

CM 

ro 

CM 

CM 

CM 

CM 

CM 


G 



• 

» 

• 

• 

• 

• 

• 


H 



1 

o 

O 

^ o 

o 

C 

O 

O 





i-pi 









o 



g"” 





















s 












w 

G 



, in 

CO , 

in 

cn 

ro 

CD 

i> 


H 



G 

c^ 

CM 

CO 



CJ^ 

C7^ 



’ ’ G 


0 

O 

1 — I 

o 

O- 

O 

O 

o 

o 


H 


G 

o 

o 

o 

O 

O 

o 

o 

Hj 

0 



G 

• 

• 

f 

' • 

• 

• 

• 

• 

H 

.-1=^ 



fx] 

o 

o' 

o 

o 

o 

O’ 

o 

H 

■ S 











H 













X 

*>> 










Q) 

V 



O 








1 — 1 

T3 

o 

4D 

o 








rO 

H 


G 

H 

I> 

H 

l> 

CM 

tH 

CM 

CM 

G 

r:S 

G 


' « 

a'^ 

a\ 


1> 


in 

ro 

Eh 

1 . (D 

•H 

. g: o , 

H 

H 

H 

H 

H 

H 

H 


G 



II 

• 

• 

• 

• 

« 

• 

• 


*H 



ft 

o 

o 

o 

o 

o 

o 

O 


r— 1 



G 









a 

o 


Cn 

G 

-H 

0*1 

G 

ro 

U 

o 

4 ^ 

O 

CD 

M-l 

m 

w 


S 

G 

M 


CM 

o 

m 

in 

0 \ 

I> 

o 

00 

o 

VD 

CO 

CO 

CD 

H 

o 

H 

o 

o 

o 

o 

H 

o 

o 

o 

o 

o 

o 

o 

« 

• 

• 

• 

• 

* 

• 

o 

o 

o 

o 

o 

o 

o 


O 

in 


4J CD 

ro 

o 


H 

o 

vH 

H 

G O 

CM 

H 

o 

o 

CD 

00 

CO 

• 

CO 

ro 

ro 

ro 

CM 

CM 

CM 

X o 

• 

« 

• 

• 

» 

t 

» 

S: II 

O 

O 

O 

O 

o 

o 

o 


X 


0 


G r-i 

0 o 

-H U 
4 ^ 0 ) 

[0 o 

G >1 

4-) Hi 

G 

<D 

0 

G H4 


O 0 

o 


SI 

Si 

SI 

Si 

2l 

Si 

SI 

H 

CN 

ro 


LO 

U3 

[> 



108 


Fig*. III. 15: Proton hyperfine linewidth of the r.'./.: 

fold of TEMPO, , , at diflerorit valut:r. 
as a function of molarity of urea. 
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on glycerol solutions agree with theirs in trend, only when 
is fixed at 0.065 G. The trend in the values are similar when 
is fixed at O.lO G but the obtained values are significan- 
tly lower than reported values. It is for these reasons, i.e., 
that the trend in a^^ and be in conformity with literature 
value, and that the trends not change upon allowing any value 
of ap^ that we chose to fix apjato,065 G and obtain linewidths. As 
long as one does not place undue importance on the actual values 
of Wpj but notice the trends in these values only, one is on safe 
grounds; and as can be seen the trends are unaltered whether 
ajp = 0,065 or 0.10 G. Precedence for the value of ap^ = 0.06 G 
+ 10% has come from earlier work on TEMPO in aqueous solutions 
and hence the use of this value in the present work. 

It is also to be noted that we have computed values of 
the tumbling correlation time from measurements of peakheights 
of the mj^= 0 , and lines , without any need for actual Wj^ , 

values or Stt. Thus \ r values and associated arguments need 

ri o 

not be qualified, . 

ViThen we turn to variations in the nitrogen hyperfine 
splitting constant a^^, we notice from our spectra that a^^ varies 
from a mean value of 15.5 G by 0.2 G, i.e. the spread is from 
15.3 to 15.7 G. The error in a^, is thus about 1.5%. It seems 
to us difficult to assign such a variation to changes in the 
geometry and charge distribution of the probe molecule. However, 
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we include this correction factor in the belief that if varia- 
tions in ^ Q and are partly dependent on changes in and 
uch changes occur even if the change in is by 1-2 per 
cent. The variations observed in ^nd w„ are much more drama- 
tic than perhaps seen from the variation in a^^j detected, 

25 

Atherton and Starch have observed changes in a^^^ for 
the spin probe di-t-butyl N-oxide in aqueous- solutions of the 
micellar surfactant sodixam dodecyl sulphate. ' After a concentra- 
tion of 4mM, the spin probe spectrum changes to one with = 
16,64 'G, superposed on the lower concentration spectrum with 
= 17.0 G. . They have, proposed that the post-micellor spec- 
trum is due to the less polar environment of the -micelles. 

Caution is thus to be exercised in interpreting spectral 
changes. While variations' in a^j or may indeed lead tp. -arti- 
factual situations, we feel, as per Jolicoeur and Friedman, 
that a major part of' the changes in the spectra of the probe in 
our experiments owes its origin to motional effects. 
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CHAPTER IV 


EFFECT OF TWO AMPHIPHILIC SOLUTES ON 
WATER STRUCTURE-SPIN PROBE STUDY 

Amphiphiles such as fatty acid salts or tetra-alkyl- 

ammonium halides and similar compounds are characterized by 

the fact that they possess polar or ionic heads that interact 

with water very well and cause dissolution; the nonpolar 'tails* 

that they possess display hydrophobic character. As a result, 

they exhibit . rather interesting properties in water. One char ac- 

teristic property of amphiphilic salts of long chain fatty acids 

is the formation of inter-molecular aggregates known as micelles 

in which the nonpolar moieties of the molecules come together 

avoiding contact v;ith water, and the polar heads all face out 

towards the Solvent-. The critical concentration beyond which 

such aggregation occurs is called the critical micelle concen- 

' -1 '1 

tration (cmc) and is usuallylO to 10 M in water. Clearly 
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this would be determined by the nature and length of the non- 
polar chain in these compounds. For example, in the cationic 
detergent S/ n-octyl ammonixm bromide has a cmc . of 2 x 10~^M/ 
while fortricetyl pyridinium bromide the value is 10~^M,^. and 
for a salt such as tetra-n -propyl ammonium bromide, the cmc 
has been suggested to be 1,4 m. Even below the cmc dimeric 
and mttltimeric association appears likely. Anionic detergents 
such as fatty acid salts also associate in water to form mice- 

— •3 

lies. While Na oleate has a cmc value of lO M, with Na 
butyrate such aggregation will be far less efficient and might 
be expected to occur, if at all, around 10 M, 

Lot of attention has been given to the behaviour of tetra- 
alkyl ammonium salts in aqueous solution. In very dilute solu- 
tions approaching the infinite dilution limit, where solute 
association can be ignored, these exhibit unusual thermodynamic 
behaviour which are associated with structures induced in the 
water near the hydrophobic groups, called hydration of the 

3 

second kind. It is well to recall here that the interaction 

energy (induced-dipolar-dipolar type) between alkanes and water 
4 

is favourable and consequently favours structuring of water 
around an isolated hydrophobic group. If the entropy term does 
not offset this, free energy of the process will favour such 
hydration of the second kind. This is similar- to the structu- 
ring of water in the clathrate hydrates of many nonpolar com- 
pounds that has been extensively studied. Such a water- 
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str'uctu.iring' effect persists even in the solution state for 
dilute solutions of tetr a- alkyl ammonium halides. At high con- 
centrations, hydrophobic association between solute molecules 
will start occurring leading to solute . aggregation, which for 
higher salts results in micelles. The water- structure-m^ in g 
tendency in a series of tetra aJkyl ammonium salts has been 
investigated by heat capacity measurements, ^ apparent mol al 

volume data, spin probe measurements, and so on. It is known 

^ 

that as one goes up in the series* Me^N , Et^N , , Bu^N 

- 

and Am^N , the structure-making capacity increases almost 
6 

linearly. It has also been suggested that as the concentra- 
tion of these cations in water is increased, micelle formation 

will start occurring. The cmc for Et^NBr and Pr^NBr have been 

2 

suggested to be 4 m and 1.4 m respectively. This possibility 
offers an alternate interpretation of the apparent molal volxome 
data. If this were true, then a salt like Am^NBr should form 
micelles at a much lower concentration. Furthermore, it may 
also be expected that the micellar aggregation should be more 
favourable (cmc smaller value) for a tetr a- alkylated cation 
such as TAAB than for the corresponding monoalkyl ated analogue 
such as AmNH^ Br, since the hydrophobic moiety in the former 
is more than in the latter. 

*Abbreviations; Me = methyl, Et = ethyl, Pr = n -propyl, Bu = 

n-butyl. Am = n-amyl, TAAB = tetra-n-amyl 
ammonium bromide. 
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The case of the salt TAAB is of interest. Thermodyna- 
mic measurement of the infinite dilution heat of solution, and 
the heat capacity, of this salt in water reveal that ion 

is an excellent structure maker of water. Partial molal volume 
data are consistent -with the fact that TAAB does not form any 
polyhedral clathrate hydrate. While tetraisoamyl ammonium flu- 
oride forms clathrate hydrates, tetra normal amyl ammoniim 

11 + 
bromide does not. The cation in TAAB, like Et^N , is able 

to structure water but not stabilise it as clathrate. Wirth^ 

has suggested micellar aggregation of TAAB, though, this has been 

19 

questioned by Lindman, . Forsen and Forslind. These authors 
79 

have done Br quadirupole relaxation measurements in aqueous ' 
solutions of tetraalkyl ammonium bromides and have suggested 
that the Br ions are rapidly exchanging between two sites, one 
being water lattice and the other associated with a clathrate- 
like lattice around the cation. Jolicoeur and Friedman have 
measured the linewidth of hydrogen hyperfine lines and the 

tiimbling correlation time'<^Q of the spin probe TEMPO in aqueous 
solutions of tetraalkyl ammonium salts. The reduced correla- 
tion time. Corrected for bulk viscosity , reduces 

linearly with concentration for Et^NBr and Bu^NBr, while for 
n-octyl ammonium bromide, increases sharply past 0, 2 m 

indicating micellar aggregation of this salt. In the case of 
Bu^NBr, the Kivelson plot of the linewidth against T/^ showed 
that perhaps a tv/o state model may be worth considering.' 
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wherein the probe is sometimes far away from the solute with 
large and small , and at other times close to the hydro- 
phobic solute with a smaller 'T_ and .large Such a two— state 

mo<del becomes feasible particularly if the guaternary ammonium 
ion is able to order water around it stably. In this sense, 

TAAB offers itself as a good candidate for spin probe studies 
of the above kind. 

When we turn to the amphiphiles with nonpolar anions, 
the simplest examples would be sodiim salts of paraffin chain 
acids.' Here again, experimental studies have been reported on 
their effect on water structure. In the series sodium fomnate, 
acetate, propionate and butyrate, Chawla^ has found the water 
structure-making capacity of the anions to increase as one goes 
up the series. T'ilhile formate is a structure-breaker, the buty- 
rate is an excellent structure-inducer as seen by heat capacity 

13 

measurements. Lindenbaum' s heat of dilution study, the near 

14 

infrared spectral study of aqueous solutions of these salts, 

15 

and Snell and Greyson' s measurements on enthalpies of transfer 
all point to the same conclusion. However, the possibility of 
micellar aggregation in these systems is not well studied. While 

Na stearate, oleate and palmiitate form excellent micelles at 

—3 

10 M, such a tendency should exist even in butyrate albeit 
concentrations as high as 1-3 M or so. Thus again the study 
of the concentration dependent effects on water structure by 
a salt such as sodium butyrate, using the spin-probe method. 
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would, be interesting. The advantages of using the spin probe 
method have already been mentioned earlier. Tb this end, we 
describe the spin^probe spectral studies in agueous solutions 
of TAAB and of sodium butyrate (abbreviated as NaBu) in this 
chapter. The results on TAAB solutions are compared with those 
of other homologous quaternary ammonium salts,® and also other 
experimental results on TAAB. The results on NaBu are quite 
similar to those seen by Jolicoeur and Friedman for n-heptyl- 
ammonium bromide, and are interpreted in a straight forward 
fashion. The results on TAAB however, are a little more comp- 
lex and point to the possibility of a two-state residence model 
for the spin-probe in these solutions. I 

EXPERIMENTAL 

Sodium butyrate was prepared by reacting a solution 
of analytical grade butyric acid (in slight excess) with pure 
NaOH. The excess acid was removed from solution with pure ether, 
and Na butyrate obtained by evaporation, and purified by recrys- 
tallization from methanol-water, and ether. The recrystallized 
salt was dried in a vacuum oven at 60-80°C for 8-l0 ’hours and 
stored dry, and gave satisfactory analysis for elements. TAAB 
was obtaihed from Eastman Organic Chemical Distillation Product 
Industries, USA and recrystallized from acetone-ether mixture. 

The e.s.r. spectra of TEMPO dissolved in aqueous solutions of 
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NaBU;. and of TAAB were obtained by the ej<perimental procedures 
described in:. earlier chapters, and the parameters W„ and^^ 
obtained . as mentioned earlier. In the case of TAAB, spin-probe 
.e.s,,r. measurements were also made as a function of temperature 
and the a^(SR) contribution was estimated by the procedure des- 
cribed in Chapter II, and the correlation time ( _ calculated 

u 

from a Debye- model of motion. 

RESULTS AND DISCUSSION 

We shall .take the case of sodium butyrate first, since 
its. interpretation seems straight forward. Table IV. 1 lists 
the tumbling correlation timeTg, the. -hydro gen hyperfine line- 
width Wpj, and the statistical parameters for the e.s.r. spectrum 
of TEMPO in aqueous NaBu solutions. We have done the curve 
fitting using a value of 0,065 G for the proton hyperfine spli- 
tting constant. The argument for such a Choice has been made 
in the end of Chapter III, (The trends seen in W^^ with an 
assumed value of a., - 0. lO G are similar; except that the abso- 
lute values of W„ are consistently smaller). Figure IV. 1 

XT 

illustrates the variation in W^j, and in Vq of the probe in 
solutions of KaBu of increasing molarity. We were able to 
perform our measurements upto 3 M NaBu. Notice from Figure 
IV. lb that the tumbling correlation time ‘Tq of the probe decrea- 
ses slightly at 1 M NaBu beyond which it increases sharply to 
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Pig. IV. 1(a): Proton hyperfine linev/idth of the o niani 

fold of TEMPO, as a function of molarity 

i i 

of sodium butyrate. 

(b) : Tumbling correlation time, of tlie nriin- 
probe TEMPO as a function of molarity of 
sodium butyrate. 
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22 psec at 2 M and 27 psec at 3 M NaBu correction for bulk vis- 
cosity to yield gives the following values; 22, 13, 10, lO 

psec cP ^ at 0, 1, 2, and 3 M NaBu respectively, showing that 

the parameter decreases with molarity, attaining a constant 
value in high molarities. The linewidth behaviour depicted in 
Figure IV. la is characterized by a minimum at 2 M NaBu and 
resembles in its general nature what has been observed for 
cationic hydrophobic salts such as n-hexyl ammonium bromide 
and n-heptyl ammonium bromide. Indeed the similarity in the 
and /fy behaviour of the probe in NaBu and in n-hexyl ammo- 
nium bromide and Bu^NBr solutions is rather striking suggest- 
ing that the action on water structure by these two solutes is 
very similar. Incidentally this also shows the importance of 
interpreting data in terms of solvent viscosity corrections. 
Turning to the Kivelson plot, i.e. versus T/ry for NaBu solu 
tion (Figure IV. 2), again the similarity with n-hexyl ammonium 

Q 

bromide and Bu^NBr is striking. Jolicoeur and Friedman have 
computed from using the m-dependent broadening effects 
and have shown that in this case at high concentrations, an 
extra broadening occurs. Part of the increase in in the 
solution has been thought of to arise from a possible two- 
state model for the probe motion. This leads us to believe 
that a similar situation exists in NaBu solutions. 

Chawla^ has shown that the butyrate anion is a struc- 
ture-maker of liquid water; its at 30°C in water is 
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-I “1 

+3 2 cal mol K . Other have .agreed with this conclusion using 

'■ 13—15 '' 

different methods. One expects a similar .structure-making 

tendency for n -hexyl ammonium bromide on the same principle. 
Before interpreting the data, we ought to worry about the possi- 
bility of NaBu aggregating in solution to form micelles. There 
is no experimental report either way about this. However, if 
one were to use the general relation' given by Klevens^^ for 
sodium carboxyl ates, i.e., 

log ( cmc ) = - a^ n 

where a ■= 2.4l, ai = 0.341 and n the number of carbon atoms in 
the nonpolar sidechain of the carboxyl ate, -one obtains a value 
for cmc for NaBu of about 24 Ml Thus -micellar aggregation at 
3 M can be ruled out on the same grounds; .pre-micellar aggre- 
gation of NaBu into dimers or oligomers may also be considered 
unlikely at 3 M. Therefor e under the conditions of experiment, 
NaBu is essentially dispersed as monomers. In any event, our 
results on T ^ indicate that the radical is not sensitive to 
molecular aggregates of the hydrophobic solutes unless they 
have the size and stability of the micelles formed in higher 
homologues. 

The similarity of the Kivelson plots for the probe in 
NaBu, and in Bu^NBr or n-hexyl airmoniTom bromide suggest that 
the structural situation obtained -with NaBu ^d with the latter 

Since analysis® reveals extra broadening ' 


salts are similar. 
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in ths 1 sttsiT solutions that is not accountad fon hy pjrohs~p 3 roti© 
interactions, conformational alteration of the probe, or from 
changes in a^^ or , a two-'state model was considered as a 
possibility. In this, , two situations are envisaged^ one in 
which the probe is far from the solute with a large "T and very 
small and the other where it is near the solute with a 

smaller and large If the second situation is less pro“ 

bable than the first, the weighted will change little from 
the value of the first site while the weighted average could 
be very different. Such a situation is realistic particularly 
if the hydrophobic solute orders water around it as stable 
clathrate cages. 

In light , of. the fact that' butyrate is a structure-maker, 
and the spin -probe spectral features in NaBu are similar to 
those seen in solutions of the other structure-makers such as 
Bu^NBr and n-hexyl ammonivim bromide', we conclude that similar 
to these cases, the spin-probe, may be experiencing a two-state 
residence situation. This is particularly of interest in high 
concentrations of NaBu. In general terms then our spin-probe 
results on NaBu solutions indicate that essentially similar 
effects are obtained whether the non-polar moiety exists in the 
cation or in the anion in amphiphiles, and also that effects of 
structural ordering may indeed be observable by the spin-probe 
Method. This agreement between- our data and those of Jolicoeur. 
on similar systems is gratifying and point to the possibilities 
of this method. 
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We next turn ourattention to the e.s.r. studies of the 
probe in aqueous solutions of TAAB. The solubility of TAAB in 
water is limited and we have not been able to go beyond 0.25 M 
in our measurorents. Table IV. 2 lists the e.s.r. speqtral 
parameters in this solution. Figure IV.3 illustrates tbe varia- 
tion of Wjj and 'Tq with concentration of TAAB. The former (part 
a of the figure) shows a small" minimum at 0.025 M TAAB with a 
value of 0,268 G after which it returns to the water value of 
0.292 G at 0,05 M. There is a further reduction in the line- 
width to 0,238 G at 0.1 M after which it increases linearly upto 
a value of 0.270 G at the limit of solubility^ 0.25 M at room 
temperature. Since the concentrations used were small, and the 
viscosity values not reported, we decided to use the vs M 
curve itself for further treatment. In Figure IV. 3b are plotted 
the values for the probe in TAAB solutions. The behaviour 

is rather complex, going through two minima within this concen- 
tration range (0-0.25 M) . The following points are worth noting 
as background material before interpretation is attempted. 

17 + 

Thermodynamic study shows Am^N ion to be a very effi- 
cient structure maker of water. The question of the compound 
associating to form micelles in high concentrations is open, 
Wirth^ has suggested that Et^NBr and Pr^NBr might form micelles 
at 4 m and 1.4 m respectively. Thus Am^NBr may form micelles 
at even lower concentrations. He has suggested that even at 
premicellar concentrations, dimeric and oligomeric association 
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Fig. IV.3 (a) : Proton hyperfine linev;idth of the 0 mani- 

fold of TEMPO, W.., ar; a function of molarity 
of TAA.B. 

(b) : Tumbling correlation time, of the spin.- 

probe TEMPO as a function of; molarity of TAAB. 




= 27°C 



onium bromide 
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may occur that can explain the concentration dependence of 

apparent molar volume in these quaternary ammonium salts. 

Lindman and others on the other hand have discounted this 

possibility but are in favour of a two site model. They have 

79 

interpreted the Br quadrupole relaxation times in R^NBr salts 

in terms of a rapid exchange situation where Br ions exchange 

between water lattice in the bulk and a second site of water 

molecules that are associated clathrate-like near the R^N 

cations. Now while TAAB itself has not been observed to form 

stable low-melting clathrate hydrates^ the possibility of 

solvated structured water molecules surrounding the cation 

9 12 

enhancing each other exists. ^ A similar two-site residence 
model can be envisaged for the probe TEMPO itself in aqueous 
TEMPO solutions. 

The data on TAAB solutions differ from those in Bu^NBr 
or NaBu in that the linewidth plot shows an additional mini- 
mum around 0.025 M TAAB^ and the also decreases to a mini- 
mum value of 11.5 psec at this concentration. Besides this# 
the spectral features are similar to Bu^NBr. This initial 
additional minimim is puzzling, and an exact interpretation of 
this feature is at best spectulative at present. The feature 
appears real and not an artifact as shown by its reproducibility. 
One is left to consider the possibility of treating the anion- 
water interactions and the hydrophobic catign -water interactions 
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separately. Bromide ion is knoMi to be a water structure-dis- 

is 

rupter, whereas ion is a structure-promoter. If the 

two ions act independently, at least in low concentrations of 
TAAB, one gets two opposing situation. Another possibility is 
that of probe-probe interaction, but on the basis of argiaments 
presented for NaBu, we ' disregard this. A third and distinct 
possibility' is to invoice the' two^ site model - for TEMPO itself 
with a dependence on the concentration of TAAB. 'With increasing 
concentration of TAAB, hydrophobic association of the salt to 
produce oligomeric aggregates in ecjuilibrium with monom.ers, wi~th 
differing hydrophobic hydration profiles for each. The line- 
width and of the probe would then be a wreighted composite of 
probe finding itself in the two differing enyironraents. 

In order to assess the contribution to the linewidth by 
a^(SR) term, i.e, spin-rotation terms, we also investigated the 
temperature dependence of at' several concentrations of TAAB. , 
The dependence is illustrated- in Figure IV.4. The- relative 
slopes come out to be 3.5, 2.358 and 2.91 x lo ^,iG cP K ^ at 
0.025, 0,05 and 0.25 M respectivelyo Calculation of from these 
values shows that is smallest at 0.05 M and largest at 0.025 M 
In light of the postulate of a two state model where in each 
state and 'T are inversely related, this minimum of t ^ at 
0.05 M is consistent with the largest I ^ value encountered at 
this concentration;,, likewise at 0,025 M we find the lowest 
and highest 'tj value, calculated from,- the a^(.SR) contribution 
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Fig. IV. 4: Proton hyperfine linev/icith of the O 

of TEMPO, Wj,, , as a function of T/-v^ at M, 

0.05 M and 0.25 M TtAB. 
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♦ 

before definite conclusions can be drawn about the anomaly of 
TAAB, The possibility of an artifact arising in the and 
^0 plots also can not be ruled out. But in the framework, bf 
solutes like Bu^NBr, n -hexyl ammonium bromide/. NaBu and TAi^j 
the results at present point to similarity of behaviour of 
these solutes with respect to water structure-making^ 
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CHAPTER V 


• AN ATTEMPT TO USE A SPIN PROBE TO 
MONITOR CONFORMATIONAL CHANGES IN 
. A GLOBULAR PROTEIN 

The technique of covalently attaching a spin 
probe to a protein by reacting it with a stable free radi- 
cal molecule containing an appropriate functional group is 
termed spin labelling. This causes the protein molecule to 
exhibit ■ electron spin resonance, and using this spin labell- 
ing technique a lot of useful information about the conforma- 
tional dynamics of the protein has been obtained.^ For 
example, the protein bovine serum albumin (abbreviated as 
BSA) has been spin-labelled by attaching to its side-chain 
functional group -NH^ (of lys residues) the free radical I, 
thereby making the protein esr active. A pH dependent esr 
spectral study of the spin labelled BSA molecule shows that 
the intensity of the high field line undergoes a dramatic 
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change near pH 3, consistent with the changes observed in, 

the optical rotation and intrinsic viscosity of BSA seen by 

3 

Yang and Foster, and attributed to an acid-induced confor- 
mational change in the protein molecule. Similarly,, spin labe- 
lling of BSA by covalently attaching to its side- chain amino 

groups a mixed anhydride spin label (II) molecule has been 

4 

done by Oakes and Cafe. Measurements of the relative 

NhL 

L 

o Eij 

intensities of the rnj^=0 esr line, and also the linewidth of 
the 1^=0 central line of the labelled BSA as a function of 
pH showed that at pH <.4, the protein undergoes an isotropic 
expansion, and also that protein aggregation occurs at low 
pH in solutions of ionic strength > 0. 1; linewidth measurements 
indicate decreased protein mobility and/or spin-spin broade- 
ning due to the proximity of protein chains in the aggregate. 

At high pH, the esr measurements were found to be consistent 
with an expansion, or dissociation gf the protein molecule 
into subunits. 

It is clear that spin labelling of a protein is a use- 
ful technique in studying its structural dynam.ics. However, 
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once the label Is covalently attached, it is bound and 

immobilized* Its tumbling motion is now actually that of 

the entire macromolecule itself and is thus slow (of the 
■**10 **9 

order of 10 to 10 sec), compared to the time taken for 
free I or II (picoseconds) . It is also noted that the spec- 
trum of the spin labelled protein is broad, formally resemb- 

■ 2 

ling that of free radicals such as I or II placed in glasses. 

We attempted to approach this problem of monitoring 
the conformational transitions in a globular protein from a 
different point of vievr. Rather than covalently attach a 
radical, we let the radical TEMPO dissolve in an aqueous 
solution of BSA and look for changes in the esr spectum of 
TEMPO as a function of the conformational status of BSA with 
changing pH. That is, to use a spin probe technique rather 
than a spin label technique. The rationale behind this is 
as follows* 

BSA is known to be a globular protein with roughly 
5CP/o of its arnino acid residues of nonpolar nature. It is 
partially helical in the native state in aqueous solution 
(pH 4-7) and folds with most of its nonpolar side chains 
inside the core and its polar side chain amino acid groups 
on the outside exposed to water. At pH -<(4 the protein 
undergoes a cooperative conformational unfolding, as also 
at high pH (.^10).^ Due to its hydrophobic content, a 
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globular protein (as BSA itself) binds small nonpolar mole- 
cules efficiently. The binding itself and associated con- 
formational changes have been monitored.^ For example globu- 
lar proteins are known to bind small molecules like N^O, 
haiothane, butane, and the like. ^ We argued that accor- 
dingly a molecule such as TEMPO ought to bind to a globular 
protein like BSA noncovalently, and the esr spectrum of the 
probe noncovalently bound to the protein may offer us a moni- 
toring device to detect conformational changes in the protein 
as a function of pH. Similar experiments with noncovalently 

7 

bound fluorescent probes and NMR probes have been conducted. 
Thus, our attempt to look at the esr spectrum of TEMPO that 
is noncovalently bound to BSA would be classified as a spin- 
probe method different from a spin-label method. In this 
chapter we report experiments conducted with this idea in 
mind. 

EXPERIMEHTAL 

Bovine Serum Albumin, Fraction V Pov/der, defatted 
and lyophilised, was purchasejd from sigma Chemicals, St. 
Louis, Missouri, USA, and used directly. Aqueous solutions 
of the protein were prepared ( 2 %) at various pH, with no 

added salt, by carefully dissolving the protein in aqueous 

-4 

buffer solutions containing 5 x 10 M TEMPO, and taking 
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care, not to shake the solution so as to avoid foaming and 
denaturation. The pH of the solutions were chosen by using 
aporopriate buffer solutions* The measurements were done in the 
pH region- 1-7. The technique of measuring the esr spectra 
and computing and 'fg have already been dealt with in 
Chapters II and III. 

RESULTS AND DISCUSSION 

The esr spectral data of TEMPO in BSA solutions are 
listed in Table V.l. The calculated W„ values and 1 ^ are 

ri © 

plotted as a function of pH in Figure V.l.. It is noted that 
the linewidth drops drastically between pH 1 to 4 and after 
that it rises a little until pH 7. It is not very clear 
whether this drop in betv/een pH 1-4 represents the acid 
unfolding of the protein. The increased width at low pH 
points to an increased microviscosity. It is known that at 

O A 

low pH ESA, aggregates’^ in solution. Oakes and Cafe** have 

found that the intensity of the it 1 j ,^=0 esr line of spin- 

labelled BSA increases sharply in the pH 2-4 region to reach 

a plateau in the pH region 6-10 after which it again increases. 

The linewidth of this line (AH ) increases sharply as the 

PP 

pK is decreased below 4 - suggesting aggregation. It has 
not been possible for them to determine the hyperfine line- 
width W since they v/ere working v^ith a spin-labelled 

i i 
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Pig. V.l(a): Proton hyperfine linewidth of the 0 rianl- 

fold of TEMPO, VJjj, an a function of pr! of 
medium for 2% B3/i solutions. 

(b) ; Tumbling correlation time, of the spin- 

probe TEMPO as a function of pii of rru,<liuj:i for 
2% BSa solutions. 
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protein. We have also monitored changes in and the 

PP 

intensity of the central line of the spin-probe TEI'4P0 in ■ 

aqueous solutions of BSA. The observed linewidth ZlH is 
' PP 

altered very little in the entire range. However, the 
intensity of the line shov7s the following pattern: 


pH 

1.0 

2.0 3.0 

4.0 5.0 

6.0 

7.0 

Intensity 

3.0 

3.4 3.7 

3.8 4.0 

4.3 

4.7 

■ (relative) 







The intensity sharply rises in the region pH 1-4 and again 
from 5-7. This is in contrast to the spin-labelled BSA 
case, where the intensity is constant in the pH region 
6-10. Again, stone at ^1. have seen the intensity of the 
high field line of spin- label led BSA to decrease in the pH 
region 2-4 after which it stays essentially constant. ^'Jhen 
we plot the high field line intensity of TEMPO in BSA solu- 
tions lihev/ise, we notice that its behaviour is simiilar to 
the mj^^=0 line. Thus it .appears to us that the use of TEMPO 
as a non-covalently used probe for monitoring changes in BSA 
is not successful. This is further illustrated by the plot 
of 't- as a function of pH (Figure V.lb) in BSA. The corre- 

rv 

lation time shows no discernible trend that reflects the 
changes in the conformation of the protein in solution. 
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xines are in order about the possible reasons 
or why the spin probe technique has not yielded satisfactory 
1 s. It is possible that the binding of TEMPO to BSA is 
weah so that effective landing has not occurred, it is also 
that the probe binds to the outer surface of the 
protein rather than in the hydrophobic interior. In such a 
case, the probe molecule will not "see" and report on the 
structural changes of the protein effectively. Perhaps a 
more hydrophobic stable free radical, e.g. di-t-butyl M-oxide 
ought to be tried. Also careful equilibrium binding study 
of the probe to the protein by equilibrium dialysis or gel 
filtration ought to be done to assess the extent and strength 
of binding. Thus, even though the present att^pt has not been 
satisfactory, we believe this idea of using a non-covalently 

bound spin probe to monitor macromolecular structural changes 
is worth pursuing. 
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